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Abstract
Neurotransmitter release at central synapses is sustained by the synaptic vesicle 
cycle. It has been assumed that vesicle replenishment operates autonomously at 
individual presynaptic terminals. In this study the classical model of a 
compartmentalized synaptic vesicle cycle was tested by using a novel combination 
of FRAP (fluorescence recovery after photobleaching) and CLEM (correlative light 
and electron microscopy) in cultured hippocampal neurons. The stability of vesicle 
clusters labelled with fluorescent styryl dye at individual synapses were assessed 
by photobleaching using a confocal laser microscope and monitoring fluorescence 
recovery over time. The observed fluorescence recovery which was abolished by 
inhibitors of vesicular transport, suggested that synaptic vesicles recycled at sites 
outside the bleach region were transported along axons into bleached synapses. 
These newly-imported vesicles could undergo exocytosis upon stimulation, 
demonstrating that they formed part of the functional recycling pool. The spatial 
organization of imported vesicles in presynaptic boutons was examined using 
CLEM and FM dye photoconversion techniques. Imported vesicles were distributed 
throughout the native vesicle cluster, indicating that they become morphologically 
integrated into the synapse. The ability of imported vesicles to mix well with native 
vesicles highlights the dynamic nature of vesicle clusters at resting synapses. The 
departure of fluorescent packets from boutons into axons was observed by time- 
lapse microscopy. Ultrastructural analysis confirmed the mature state of donor 
synapses and showed these mobile packets to be loose aggregates of synaptic 
vesicles. Mobile vesicle clusters were comprised of vesicles from both the recycling 
and resting pools of the synapse, thus demonstrating no preference for mobility of 
any one vesicle population.
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Chapter 1 1 In trod u ction
Since the conception of the neuron doctrine by Ramon y Cajal and the realization 
that the nervous system consists of many independent but inter-connected cells, 
efforts have been ongoing to better understand these connections (Glickstein, 2006). 
The primary mode of communication between neurons in the nervous system is 
mediated by the release and reception of chemical neurotransmitters onto target 
neurons at specialized intercellular contacts, synapses, as coined by Charles 
Sherrington (Eccles, 1982) (Cowan et al., 2001). Neurotransmission involves the 
calcium-dependent fusion of neurotransmitter-containing vesicles with the 
presynaptic membrane and the release of neurotransmitters into the synaptic cleft 
where they can bind to postsynaptically localized receptors. Synaptic vesicle 
exocytosis occurs repeatedly over the lifetime of synapses and it is the retrieval of 
vesicles after fusion by endocytosis that maintains the vesicle cluster at synapses 
and ensures the fidelity of synaptic transmission over long periods of time.
Over the course of the 1950's and 1960's some of the fundamental aspects of 
synaptic neurotransmission were elucidated in studies on the frog neuromuscular 
junction. Electrophysiological studies established the quantal nature of 
neurotransmitter release (Katz, 1969), while electron microscopy provided evidence 
for the physical basis of these quanta. Visualizing vesicles at synaptic terminals 
detailed their fusion at active zones and re-uptake via clathrin mediated 
endocytosis (Heuser and Reese, 1973). In the intervening years the molecular basis 
of these events has been elucidated by a combination of biochemical and genetic 
tools, such that now many of the proteins and their interactions involved in the 
priming, fusion and retrieval of vesicles as well as the postsynaptic actions of the 
neurotransmitters are known. Along with determining the ultrastructural (Peters et 
al., 1991) and molecular architecture of synapses (Dresbach et al., 2001), researchers 
have studied the formation of synaptic contacts. This involves the delivery of both 
pre- and postsynaptic elements by motor proteins along axonal and dendritic 
processes using the actin and microtubule cytoskeletal network, with the
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components becoming localized at putative synapses by the coordination of 
diffusible and extracellular cues at these sites (Waites et al., 2005).
1.1 Synapse Structure
Chemical synapses facilitate the propagation or cessation of action potentials 
between electrically isolated neurons by converting potential changes in the 
membrane to a chemical signal that induces a similar or opposite potential change 
in the membrane of the target neuron (Eccles, 1982; Squire, 2003). The different 
synapses formed between the many neurons of the nervous system, across many 
species, share common structural characteristics as visualized by electron 
microscopy (Palay and Palade, 1955) (De Robertis and Bennett, 1955). The 
asymmetric nature of synapses and the directionality of signalling are apparent 
from these electron micrographs. At two opposing neuronal membranes, 
neurotransmitter containing vesicles are arranged along the presynaptic side 
opposite to a postsynaptic membrane specialization, called the postsynaptic density 
(PSD) (Peters et al., 1991).
1.1.1 The presynaptic compartment 
Ultrastructural detail
In electron micrographs, the most striking feature of synapses is the vesicles of the 
presynaptic compartment. The first ultrastructural studies of synapses identified 
and classified many vesicle types on the basis of their diameter and lumenal density 
(Cowan et al., 2001). The most abundant vesicles at CNS synapses are electron 
lucent, 35-50 nm in diameter (Palay, 1956) and store neurotransmitters such as 
glutamate, GABA, glycine and acetylcholine (Cowan et al., 2001). These vesicles are 
usually located at single release sites or active zones in discrete clusters that can 
range in size from 10's to 100's of vesicles, displaying varying degrees of 
compactness (Harris and Sultan, 1995). The number of vesicles seen attached or 
docked at the active zone can vary from 2-16 and depends on the size of the vesicle
12
cluster (Harris and Sultan, 1995). At specialized synapses, such as mossy fibre 
terminals, 1000's of vesicles are present, but are distributed between multiple 
release sites (Amaral and Dent, 1981; Henze et al., 2000). Aminergic 
neurotransmitters are contained in 40-60 nm diameter electron dense vesicles, 
which can be released from synapses or the soma of neurons (De-Miguel and 
Trueta, 2005). In contrast, peptidergic neurotransmitters are stored in large dense 
core vesicles of 80-200 nm diameter. Peptidergic vesicles are usually distributed 
throughout the axons and cell bodies of neurons and are generally excluded from 
synaptic vesicle clusters (Hokfelt et al., 1984; Nusbaum et al., 2001). These vesicles 
release their contents in response to elevated calcium levels, though release events, 
in general, are rarer compared than those of small synaptic vesicles. They are not 
recycled locally and new vesicles are formed and filled with neurotransmitters in 
the soma and trafficked out to release sites in the axon. Because of the overall slow 
nature of their release and reuse these vesicles have neuromodulatory functions 
within the nervous system (Nusbaum et al., 2001).
The active zone region of synapses is an electron dense portion of the cytoplasmic 
membrane that varies between synapses depending on their type and function 
(Cowan et al., 2001). A presynaptic array of electron dense particles, found close to 
the plasma membrane as observed by electron microscopy, is known as the 
presynaptic grid and is thought to play a role in arranging the vesicles for release 
(Pfenninger et al., 1972) (Figure 1.1). Quick-freeze, deep-etch electron microscopy 
has revealed fibrillar projections from the active zone back into the vesicle cluster. 
These fibrils are believed to organize and tether the non-docked vesicles to the 
synapse (Hirokawa et al., 1989). Ultrastructural and biochemical studies of rat 
synaptosomes have shown the presynaptic cytomatrix to be made up of 50 nm 
particles regularly spaced at 50-100 nm distances with fine (10 nm) fibrils in 
between (Hirokawa et al., 1989; Landis et al., 1988). The regular spacing of the 
filamentous network is thought to be organized by the actin binding proteins 
spectrin (Phillips et al., 2001).
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Filamentous strands
50 nm particles
Interconnecting
fibrils
Figure 1.1- Schematic representation of the presynaptic grid
Vesicle docking sites are thought to be defined by 50 nm particles regularly spaced along 
the presynaptic plasma membrane. Fine interconnecting fibrils run between these particles, 
while filamentous strands extend further back into the vesicle cluster. This figure was 
adapted from (Gundelfinger et al., 2006).
A similar type of organization has been reported at the frog NMJ where EM 
tomograms have revealed an orderly array of pegs, ribs and beams at the active 
zone (Harlow et al., 2001). The proteins of the presynaptic density are thought to 
function by organizing the vesicle cluster, localizing Ca++ channels and release 
machinery, as well as maintaining the recycling vesicle pool during sustained bouts 
of release (Dresbach et al., 2001). The prominence of presynaptic membrane 
thickenings and the morphological appearance of vesicles at synapses have given 
rise to a simplified method of classification. Synapses with an obvious presynaptic 
density containing spherical vesicles are termed asymmetric or type I and are 
usually functionally classified as excitatory (Gitler et al., 2004; Megias et al., 2001). 
Inhibitory synapses have less prominent presynaptic densities and ovoid vesicles,
14
thought to be due to osmolarity-related artefacts during fixation, and are called 
symmetric or type II synapses (Figure 1.2), (Bodian, 1966) (Cowan et al., 2001). At 
other synapses presynaptic densities can take on more distinct shapes, in line with 
their proposed function. At the ribbon synapses of photoreceptors and hair cells of 
the inner ear, presynaptic densities appear as a bar or ribbon perpendicular to the 
membrane, and vesicles are docked along the length of the ribbon (Rao-Mirotznik et 
al., 1995; Townes-Anderson et al., 1985). This structure is thought to ensure a rapid 
supply of new vesicles to the active zones in order to sustain the tonic 
neurotransmission seen at these synapses (Sterling and Matthews, 2005). While 
some of the fundamental aspects of presynaptic function can be deduced from 
electron micrographs, a full understanding of neurotransmission at synapses 
requires a description of the proteins present and an analysis of their function.
15
havter 1
a
Asymmetric synapse
b
Symmetric synapse
Figure 1.2- Characteristics of Type I and Type II synapses
Consecutive sections through synapses in the cat dorsal lateral geniculate nucleus, (a) 
Three consecutive sections through a Type I or asymmetric synapse displaying 
characteristic round vesicles and prominent membrane specializations, (b) Consecutive 
sections through a Type II or symmetric synapse containing ovoid vesicles and less obvious 
membrane thickening at release sites. This figure was adapted from (Rapisardi and 
Lipsenthal, 1984).
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Molecular components
The identification and characterization of presynaptic cytomatrix proteins followed 
the biochemical purification of vesicles, which was facilitated by their uniform size 
and abundance at synapses. Vesicles were purified first from the electric organ of 
the elasmobranch fish Torpedo californica and later from rat brain preparations by 
homogenization followed by sucrose gradient separation of organelles on the basis 
of density differences, and permeation chromatography to separate on the basis of 
size (Huttner et al., 1983; Whittaker et al., 1972). Antibodies raised against purified 
vesicles could then be used to isolate and clone vesicle-associated proteins. 
Synaptotagmin was identified by purifying and digesting a 65 kDa band recognized 
by antibodies raised against synaptic vesicles (Matthew et al., 1981). Using protease 
digestion and degenerate oligonucleotides, fragments of DNA were generated to 
screen a cDNA library in order to obtain the full sequence of the protein (Perin et al., 
1990). Forward genetic screens in C.elegans have also identified and characterized 
key molecules in synapse function. A series of C.elegans mutants displaying an 
uncoordinated phenotype identified genes encoding for example, Unc-10, a protein 
important for vesicle cluster organization that is homologous to the mammalian 
protein RIM (Koushika et al., 2001) and Unc-13 a protein involved in vesicle 
priming and known as Munc-13 in mammals (Brose et al., 2000; Richmond et al.,
1999). Synaptosomes are produced by the homogenization of rat brain in isotonic 
buffers. This results in the pinching off of presynaptic nerve terminals to yield 
spherical units of membrane that are rich in synaptic vesicles, presynaptic proteins 
and a fragment of the postsynaptic membrane including the postsynaptic density 
(Whittaker et al., 1964). While synaptosomes have been used to study vesicle release 
in vitro, this rich source of synaptic proteins combined with immunoprecipitation 
and in vitro binding assays has helped to identify various protein-protein 
interactions within the presynaptic cytomatrix. These studies have led to the 
discovery of other vesicle-associated proteins and non-vesicular proteins that 
interact with synaptic vesicles. (Bellen, 1999).
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In neurons forming en passant synapses, presynaptic specializations are usually seen 
as out-pockets along the axon from which microtubules are generally excluded. 
Actin filaments are the major cytoskeletal element present within the presynaptic 
compartment and are thought to play a scaffolding role at synapses, giving 
structure to the presynaptic cluster (Landis et al., 1988). This is most evident at the 
lamprey synapses where actin filaments are seen to surround the vesicle cluster 
(Shupliakov et al., 2002). In hippocampal neurons EGFP-tagged actin has been used 
to study the localization and behaviour of actin at these synapses (Colicos et al., 
2001). EGFP-actin is seen localized to presynaptic sites, and disrupting its 
filamentous nature with actin destabilizing agents can affect vesicle release 
(Morales et al., 2000). Other cytoskeletal proteins, such as microtubules and spectrin 
at the Drosophila NMJ, have been shown to be important for synapse maintenance 
(Pielage et al., 2005; Roos et al., 2000) as well as in organizing the presynaptic 
density as discussed previously. Some proteins associated with synaptic vesicles 
presumably function to maintain their positions within the cluster and mediate 
their recruitment and fusion with the active zone, and will be discussed in more 
detail later. Other vesicle proteins are involved in the regeneration of functional 
vesicles following endocytosis. The multi-subunit vacuolar H+-ATPase pump (v- 
ATPase) on vesicles is responsible for generating a pH of ~5.6 in vesicles, and the 
resulting electrochemical gradient plays a role in the uptake of neurotransmitter 
into the vesicles (Jahn and Sudhof, 1994). Aside from mediating the entry of protons 
into vesicles, the Vo subunit of the v-ATPase may also function downstream of the 
SNARE complex in vesicle cycle, facilitating the formation of a fusion pore between 
vesicles and the plasma membrane (Hiesinger et al., 2005; Morel, 2003). Each class 
of neurotransmitter has an associated group of transporters which function by 
using either the proton gradient, the membrane potential differences or both 
(Ahnert-Hilger et al., 2003). In the case of glutamate, three transporters, VGLUT1-3, 
have been cloned and these principally use membrane potential differences to 
function. The transporter VGAT, moves GAB A and glycine by using both proton 
and membrane potential differences (Ahnert-Hilger et al., 2003).
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The meshwork of proteins that make up the presynaptic specialization are 
collectively called the cytomatrix at the active zone (CAZ). The major proteins of 
this presynaptic molecular complex identified so far include the large multi-domain 
proteins Piccolo and Bassoon and other active zone components, CAST, RIM1/2 and 
Munc-13 isoforms (Dresbach et al., 2001). Piccolo and Bassoon are present at both 
excitatory and inhibitory synapses of hippocampal neurons from early stages in 
synaptogenesis (Zhai et al., 2000; Zhai et al., 2001). These proteins have regions of 
homology in their N-termini which include Zn^ finger repeats and coiled-coiled 
domains (Dresbach et al., 2001), but the C-terminus of Piccolo contains PDZ 
domains and two C2 domains which are not present in Bassoon (Fenster et al., 2000). 
The proteins that can interact with Piccolo include the v-SNARE VAMP, the small 
GTPase proteins Rab5 and Rab3 through Piccolo's interaction with the rab acceptor 
protein PRA1 (Fenster et al., 2000), and the profilins, which regulate actin dynamics 
(Wang et al., 1999). Deletion analysis has suggested that the central region of 
Bassoon is important for its association with the CAZ, while the first 600 amino 
acids in the N-terminal region of the protein have been postulated to mediate 
Bassoon's association with synaptic vesicles; but as of yet no direct biochemical 
evidence for this interaction exists (Altrock et al., 2003; Dresbach et al., 2003). The 
many molecular interactions identified for these large proteins have led to the 
notion that Piccolo and Bassoon are the key organizer molecules of the presynaptic 
cytomatrix (Figure 1.3).
The CAZ proteins RIM1/2, contain Zn++ finger repeats, a PDZ domain and two C2 
domains. These proteins interact with the vesicle associated small GTPase Rab3 in a 
GTP-dependent manner and Munc-13 via Zn++ finger domains (Dresbach et al., 
2001). RIM proteins may function to tether vesicles at the active zone region 
through Rab3 binding. The protein CAST forms a complex with RIM1 and Munc- 
13-1 by binding RIM1. CAST also associates with Piccolo and Bassoon. It has been 
suggested that this large multi-molecular complex and or part of the complex 
functions in regulating vesicle release at synapses (Figure 1.3) (Martin, 2002; Takao- 
Rikitsu et al., 2004).
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Figure 1.3- The molecular organization of the presynaptic cytomatrix
The multi-domain proteins RIM, Bassoon, Piccolo and the CAST proteins are 
shown as the major scaffolding proteins of the presynaptic cytomatrix. These 
proteins are thought to function in tethering vesicles in preparation for release as 
well as recruiting a variety of effector proteins, highlighting their role in both the 
structural and functional organization of the presynaptic region. This figure was 
adapted from (Gundelfinger et al., 2006).
The tripartite complex of CASK, Mint and Mals/Veli/Lin-7 is another major 
component of the presynaptic cytomatrix. CASK is a member of the membrane 
guanylate kinase (MAGUK) family of PDZ domain proteins. It binds to Mint 
though its CaMK domain (Butz et al., 1998) and to p-neurexin, a transmembrane 
protein, through its PDZ domain (Hata et al., 1996). These interactions may act to 
align the pre- and postsynaptic elements via the trans-synaptic association of P- 
neurexin and its counterpart neuoligin. The tripartite complex has also been 
implicated in the localization of calcium channels to the active zone through the 
SH3 and PDZ binding motifs of calcium channels, and Mint and CASK proteins
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(Maximov and Bezprozvanny, 2002). In a study where a mouse lacking all three 
isoforms of Veli was generated, the tripartite complex was shown to interact with 
liprin-a, a protein implicated in the organization of the active zone. Even though 
synapses formed between mutant neurons in culture, EPSC size was profoundly 
reduced, indicating the importance of this complex which lies at the center of many 
protein-protein interactions (Olsen et al., 2005).
1.1.2 Synaptic cleft and synapse adhesion
The synapse is a specialized adherens junction between two neurons. The space 
between the pre- and postsynaptic membranes, the synaptic cleft, is ~20 nm wide 
and is filled with the extracellular domains of many membrane proteins which 
appear as electron dense material in electron micrographs with the appropriate 
phosphotungstic acid staining methods (Peters et al., 1991). These proteins interact 
to maintain the synaptic connection and a defined space where neurotransmitters 
bind receptors to elicit postsynaptic responses. The synaptic connection is quite 
strong given that postsynaptic elements remain attached to synaptosomes (Cowan 
et al., 2001). The adhesion molecules which are expressed both pre- and 
postsynaptically have a role in axodendritic target recognition and the recruitment 
of synaptic components during synaptogenesis (Gamer et al., 2002; Scheiffele, 2003), 
synapse maturation (Ziv and Gamer, 2004) and maintenance, as well as in 
structural modulation associated with functional synaptic plasticity (Lippman and 
Dunaevsky, 2005).
Cadherins are single transmembrane calcium-dependent adhesion molecules with 
five ectodomain (EC) repeats in their extracellular domains (Shapiro et al., 1995). At 
synapses, N-cadherins are localized to the peri-active zone region (Uchida et al., 
1996) and lateral or ds-binding clusters the cadherins on one side of the membrane. 
This clustering, combined with Ca++ binding to EC domains ensures that the 
homophilic, trans-interactions between cadherins across the synaptic cleft are very 
stable (Shapiro et al., 1995). Cadherins are linked to the actin cytoskeleton by the 
interaction of their cytoplasmic domain with a  and (3-catenins (Nagafuchi et al.,
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1994; Ozawa et al., 1990), and this connection is essential to the cadherins' role in 
controlling synapse structure, number and postsynaptic spines (Takeichi and Abe, 
2005; Togashi et al., 2002). Cadherin-related neuronal receptors (CNR) are a large 
family of proto-cadherins shown to be localized to synapses (Kohmura et al., 1998). 
These molecules have variable numbers of EC repeats which are similar to 
conventional cadherins, but show large variations in their cytoplasmic tails. This 
diversity has been postulated to underlie synapse specificity in nervous system 
(Shapiro and Colman, 1999). The cytoplasmic tails of proto-cadherins don't 
associate with catenins, but do interact with downstream signalling cascades, as in 
the case of CNR1 and its interaction with the non-receptor tyrosine kinase fyn 
(Hamada and Yagi, 2001; Kohmura et al., 1998).
The immunoglobulin-superfamily of proteins also functions at synaptic connections. 
The extracellular domains of these proteins contain cysteine loop Ig domains and 
fibronectin type III repeats which mediate trans-synaptic adhesion through 
homophilic and heterophilic interactions (Vaughn and Bjorkman, 1996). N-CAM 
has five Ig-domains and three fibronectin repeats (Vaughn and Bjorkman, 1996) and 
is implicated in determining synapse number and certain types of synaptic 
plasticity (Murase and Schuman, 1999; Rougon and Hobert, 2003), while the best 
described role for the polysialylated form of N-CAM is in axon pathfinding 
(Rutishauser and Landmesser, 1996). Other Ig-protein families present at synapses 
include Syn-CAM, sidekicks and nectins which also function in synapse formation 
(Scheiffele, 2003).
Neurexins are a presynaptically localized family of cell surface proteins that are 
expressed exclusively in neurons, with many different isoforms generated by 
alternative splicing (Ullrich et al., 1995). They can bind to postsynaptically localized 
neuroligins to form a trans-synaptic bridge implicated in synapse formation (Cline, 
2005). Another set of heterophilic interactions at synapses are mediated the Eph 
family of receptor tyrosine kinases and their ephrin ligands. These proteins are 
divided into A and B sub-groups. Ephrin-A ligands are attached to the membrane 
by a GPI-anchor and bind to EphA receptors, while ephrin-B ligands are
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transmembrane proteins which bind to EphB receptors (Murai and Pasquale, 2004). 
EphB receptors are localized to axonal growth cones and function as repulsive cues 
in axon guidance (Flanagan and Vanderhaeghen, 1998). At mature synapses, 
however, Eph receptors are restricted to the postsynaptic region. Receptor-ligand 
interactions occur extracellularly, and the intracellular kinase and PDZ-binding 
domains of the Eph receptors are thought to mediate intracellular signalling and 
glutamate receptor clustering (Torres et al., 1998; Yamagata et al., 2003).
Integrins are a diverse family of heteromeric proteins consisting of a  and [3-subunits 
that can localize to synapses both pre- and postsynaptically (Chavis and Westbrook, 
2001; Schwartz, 2001). As well as attaching to the actin cytoskeleton, ligand binding 
to extracellular domains can activate intracellular signalling cascades, involving a 
host of protein kinases including focal adhesion kinase and phosphoinositide 3- 
kinase (PI3K) (Schwartz, 2001). An inside-out signalling capability can translate 
intracellular changes to these proteins to the extracellular domains and alter their 
adhesive nature and interactions (Ginsberg et al., 2005; Tadokoro et al., 2003). The 
establishment of neural networks and synaptogenesis relies on integrin function 
(Jones, 1996) while at mature synapses integrins play a role in synaptic transmission 
(Kramar et al., 2003), LTP as well as memory formation (Chan et al., 2003; Chan et 
al., 2006).
The extracellular interactions of adhesion molecules maintain a regularly-spaced 
and stable synaptic cleft that is likely to be essential for synaptic transmission. 
Modulation of intracellular signalling and protein-protein interactions by the 
cytoplasmic tails of these molecules help to organize a stable multi-molecular 
matrix at the pre- and postsynaptic junction and regulate synaptic transmission 
(Murase and Schuman, 1999).
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1.2 The Synaptic Vesicle Cycle
The basic principles of the synaptic vesicle cycle are derived from early freeze- 
fracture EM studies and correlative electron miroscopy where synaptic vesicles seen 
docked along the presynaptic membrane at rest, appear to undergo exocytosis as 
well as endocytosis upon nerve stimulation (Heuser and Reese, 1973). Our 
understanding of the molecular mechanisms of this process has been aided by the 
biochemical purification of synaptic vesicle proteins and elucidation of their 
interactions as well as functional studies in a large range of synapses and organisms.
1.2.1 Exocytosis and neurotransmitter release
In order for synapses to achieve neurotransmitter release within 0.1 ms of calcium 
influx (Sabatini and Regehr, 1999) vesicles need to be organized and prepared for 
exocytosis. Specialized interactions between synaptic vesicle proteins and the active 
zone work to tether the vesicles in place and prime them for release (Lin and 
Scheller, 2000). The energetically unfavourable fusion between the lipid bilayers of 
vesicles and the plasma membrane during exocytosis was first studied in vitro and 
in yeast to yield what is termed the SNARE hypothesis of membrane fusion 
(Bennett and Scheller, 1993; Sollner et al., 1993; Rothman and Orci, 1992). SNARE is 
derived from SNAP receptor, where SNAP stands for soluble NSF attachment 
protein, and NSF, an ATPase, in turn, stands for N-ethylmaleimide-sensitive fusion 
protein. At resting synapses a small number of vesicles are closely associated or 
docked at the active zone. The interaction between the vesicle specific GTPase Rab3 
and the active zone protein RIM1 is thought to be important for this association 
(Rosenmund et al., 2003). Following the docking of vesicles at the active zone they 
can become primed for release in a process mediated by the SNARE complex 
(Sudhof, 2004). The vesicle-associated SNARE protein synaptobrevin/VAMP 1/2 
interacts with the target SNARE proteins syntaxin and SNAP-25 on the presynaptic 
membrane to form a trans-SNARE  core-complex. This interaction brings the two 
membranes close together via the formation of a parallel, four-helical bundle
(Sollner et al., 1993). Fusion is driven by the zippering of this protein complex into a 
cis form, which is promoted by the influx of calcium (Jahn et al., 2003). SNARE 
protein recycling after vesicle fusion is required for the ongoing release of vesicles 
at synapses, and the SNARE complex disassembly from the cis-state is mediated by 
SNAPs and NSF (Hanson et al., 1997).
While the three SNARE proteins are believed to be the minimal machinery required 
for membrane fusion, other presynaptic proteins are also critical for this process 
(Jahn et al., 2003). In studies where genes encoding VAMP (Schoch et al., 2001) and 
SNAP-25 (Washboume et al., 2002b) were knocked-out in mice, synaptic vesicle 
exocytosis was not completely inhibited in mutant synapses. However, the genetic 
ablation of Munc 18-1, a syntaxin-interacting protein, abolished neurotransmitter 
release entirely (Verhage et al., 2000). Munc 18-1 is a cytosolic protein which binds 
to the closed conformation of syntaxin (Hata et al., 1993) and prevents SNARE 
complex formation. Inhibition of exocytosis in its absence indicates that Munc 18-1 
must have some additional function during exocytosis other than this inhibitory 
interaction with syntaxin. A similar inhibitory interaction has been observed 
between the vesicle proteins VAMP, synaptophysin and the Vo subunit of the V- 
ATPase (Calakos and Scheller, 1994; Galli et al., 1996). VAMP must dissociate from 
synaptophysin in order to participate in the SNARE complex formation, raising the 
possibility that the release from synaptophysin may be a regulatory step in vesicle 
exocytosis (Edelmann et al., 1995).
The vesicle associated synaptotagmins contain two C2 domains, C2A and C2B, 
which can bind calcium, the SNARE complex and phospholipids (Sudhof, 2004). 
The binding of synaptotagmins is thought to be aided by the stabilizing action of 
complexin proteins on the SNARE complex (Murthy and De Camilli, 2003) (Marz 
and Hanson, 2002; Reim et al., 2001). Synaptotagmin proteins act as a calcium 
sensor to trigger the final stages of vesicle fusion. Synaptotagmin I is believed to be 
the calcium sensor involved in fast or synchronous release at synapses (Geppert et 
al., 1994; Yoshihara et al., 2003). Other isoforms of synaptotagmin with differing 
affinities for calcium have been postulated to be responsible for slow or
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asynchronous release (Hui et al., 2005). Synaptotagmin proteins can bind the 
SNARE complex of primed vesicles (Chapman et al., 1995; Li et al., 1995), and 
following an action potential driven rise in calcium concentration the affinity of the 
C2 domains of synaptotagmin for phospholipids in the cell membrane increases. 
This interaction is thought to encourage the SNARE complex to undergo a trans to 
cis conversion that drives the full fusion of vesicles with the membrane (Sudhof, 
2004).
Munc-13, first described in C. elegans as Unc-13 (Maruyama and Brenner, 1991), has 
a critical role in exocytosis as demonstrated by the lack of vesicle fusion in Munc-13 
KO mice (Augustin et al., 1999b) and unc-13 mutant worms (Richmond et al., 1999). 
The Munc-13 null mice showed no reduction in the number of docked vesicles, 
indicating a role for this protein in priming rather than docking (Augustin et al., 
1999b). The single Cl domain and two C2 domains of these proteins mediate 
binding to diacyl glycerol (DAG) and phorbol ester, and to Ca++ in a phospholipid- 
dependent manner (Betz et al., 1998). Munc-13-1 is essential for synaptic vesicle 
priming at ~90% of glutamatergic synapses, while Munc-13-2 functions at the 
remainder (Augustin et al., 1999a; Augustin et al., 1999b). The interactions of Unc- 
13/Munc-13 with RIM1 through its N-terminal region, and the SNARE protein 
syntaxin are thought to be important for its function in vesicle priming and release 
(Betz et al., 2001; Madison et al., 2005). The Cl domain of Munc-13 binds DAG and 
is responsible for its role in plasticity-related and phorbol ester mediated increases 
in neurotransmitter release (Rhee et al., 2002; Rosenmund et al., 2002; Betz et al., 
1998).
Calcium entry to the presynaptic terminal in response to action potentials triggers 
the fusion of vesicles primed at active zones. The voltage sensitive Cav2.1 (P/Q) and 
Cav2.2 (N-type) calcium channels mediate the local and transient rise in calcium 
concentration from 100 nM to over 100 pM (Reid et al., 2003). Calcium channels are 
present close to docked vesicles and the low Ca^ affinity of the calcium sensors in 
the fusion complex combined with the Ca^ buffering capacity of the presynaptic 
region confines release to locally situated vesicles (Sudhof, 2004). The different
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classes of calcium channels can be distinguished on the basis of their 
electrophysiological properties as well as their pharmacological profiles (Catterall,
2000). P/Q-type channels are blocked by the spider toxin co-agatoxin IVA (Mintz et 
al., 1992) and N-type channels are sensitive to co-conotoxin GVIA (McCleskey et al., 
1987). The SV2 proteins, of which there are three, were initially thought to act as 
pumps that helped to clear calcium from the presynaptic area following release 
(Janz et al., 1999). However more recent data would suggest that these proteins 
function to facilitate vesicle release and regulate the size of the readily releasable 
pool (RRP) at synapses (Custer et al., 2006; Xu and Bajjalieh, 2001).
The Rab3 family of small GTP-binding proteins can associate with synaptic vesicles 
in a reversible manner (Darchen and Goud, 2000). The GTP bound form of Rab3 
binds vesicles in the presynaptic cluster, and during exocytosis GTP hydrolysis 
mediates its dissociation from the vesicles (Fischer von Mollard et al., 1991). In 
general, Rab3 proteins are thought to play a role in vesicle docking though the 
genetic ablation of all four isoforms of the protein resulted in just a 30% reduction 
in EPSCs (Schluter et al., 2004). Rab3 proteins are also proposed to function in the 
late stages of exocytosis after docking (Darchen and Goud, 2000). Rab3a binds the 
presynaptic cytomatrix protein rabphillin in a GTP-dependent fashion. This 
interaction was thought to underlie the role of rabphillin in mediating Rab3 effects 
on exocytosis. However, rabphillin knock-out (Schluter et al., 1999) and over­
expression studies (Chung et al., 1999) have undermined this conclusion and have 
left the function of this interaction unclear (Sudhof, 2004). Rab3a binding to RIM 1/2 
proteins along with the RIM protein's association with Mime 13-1 is important for 
maintaining synaptic strength, possibly by preserving vesicle cluster organization 
(Schoch et al., 2002). In addition, Rab3a has been implicated in mossy fibre LTP 
(Castillo et al., 1997).
1.2.2 Vesicle cluster organization
Ultrastructural studies of synaptic terminals have shown that vesicles are largely 
uniform in size and apart from those docked at the active zone there is little to
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distinguish the vesicle population (Peters et al., 1991). While the biochemical 
isolation of vesicles has led to a characterization of their molecular components, 
such an approach lacks the resolution to identify differences between individual or 
groups of vesicles within and amongst individual presynaptic compartments. 
However, functional studies have suggested the existence of different groups or 
pools of vesicles within presynaptic terminals, as exemplified by the rapid 
depression of neurotransmitter release to a steady-state level during repetitive 
stimulation (Elmqvist and Quastel, 1965). While presynaptic changes in calcium 
sensitivity or postsynaptic receptor desensitization could account for the depression, 
the initial decline in the response to stimulation is thought to reflect the depletion of 
a small proportion of the vesicle population, called the readily releasable pool (RRP) 
of vesicles. The subsequent steady-state response to stimulation reflects the balance 
of exocytosis with vesicle recycling and the recruitment of vesicles from a reserve 
pool (Sara et al., 2002). The vesicles that participate in exocytosis, within the RRP 
and reserve pool, together constitute what is known as the recycling pool (RP) 
(Rizzoli and Betz, 2005). The RRP of hippocampal synapses contains 5-20 vesicles 
(Rizzoli and Betz, 2005; Sudhof, 2000) which can be specifically released by the 
application of a hyper-osmotic solution (Rosenmund and Stevens, 1996) or brief 
bursts of stimulation (Murthy and Stevens, 1999). At the ultrastructural level, the 
RRP at hippocampal synapses is believed to be preferentially localized to regions 
closer to the active zone and this spatial positioning may underlie its preferential 
use (Schikorski and Stevens, 2001; Sudhof, 2000). However, at the frog 
neuromuscular junction there is no such spatial localization of the RRP; therefore, 
molecular cues may identify these vesicles as members of this pool (Rizzoli and 
Betz, 2004). Under sustained stimulus conditions, close to 80% of the vesicles within 
the frog NMJ are released (Henkel et al., 1996a; Richards et al., 2000). However, at 
hippocampal synapses a large proportion of the vesicle population, called the 
resting pool, does not participate in the vesicle cycle under any conditions (Harata 
et al., 2001a; Sudhof, 2000). The non-recycling or resting pool vesicles have been 
thought of as non-functional vesicles undergoing some form of maturation or repair. 
However, another proposed function for these vesicles is that they act as a reservoir
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for the recycling pool, which when accessed could rapidly increase the size of the 
RP to enhance the efficacy of neurotransmitter release without a need for a change 
in the overall size of the vesicle population (Harata et al., 2001a). This scenario is 
suggested from the observation that the neuromodulator serotonin can increase the 
size of the recycling pool at the crayfish NMJ (Wang and Zucker, 1998).
1.2.3 Endocytosis and synapse maintenance
Monitoring vesicle release and reuptake
Several methods are available to study neurotransmitter release mechanisms at 
synapses. The release of neurotransmitter can be detected indirectly by monitoring 
postsynaptic receptor activation. For example, in hippocampal slices, extracellular 
recordings measure the population responses, while intracellular patch clamp 
techniques detect current flow in individual neurons (Shepherd, 1994). Direct 
detection of neurotransmitter release from terminals by electrochemical probes is 
possible when the molecules in question can be readily oxidized or reduced. In this 
way dopamine and serotonin release can be detected, while more electrochemically 
stable transmitters such as glutamate and GAB A cannot (Travis and Wightman,
1998). At sufficiently large presynaptic terminals, vesicle fusion or reuptake can be 
detected as membrane capacitance fluctuations that result from changes in 
membrane surface area (Neher and Marty, 1982). More recently, the development of 
fluorescent probes combined with advances in a variety of microscopy techniques, 
epifluorescence, confocal and total internal reflection, have allowed for the direct 
visualization of vesicle cycling within the presynaptic terminals of small CNS 
neurons (Ryan, 2001). In an earlier study, the fluorescent labelling of recycled 
vesicles was achieved by the bath application of fluorescently tagged antibodies to 
the lumenal domain of synaptotagmin (Matteoli et al., 1992). While this technique 
specifically labels synaptic vesicles, it has been superseded by the FM family of 
fluorescent styryl dyes as a means of studying synaptic vesicle dynamics. The FM 
dyes were first used to study vesicle uptake and release at the frog NMJ and later in 
many other preparations including cultured hippocampal neurons, where they
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have been used most extensively (Cochilla et al., 1999), and to a lesser degree in 
hippocampal slices (Pyle et al., 1999). FM dyes have a lipophilic hydrocarbon tail 
that encourages an association with membranes, while the positive charge on their 
head group prevents them from crossing the plasma membrane. Dyes with longer 
tail groups have an increased affinity for membranes, and as such, slower rates of 
departitioning from the membrane (Cochilla et al., 1999). The fluorescence of FM 
dyes is based on a conjugated ring structure in the head group and the link between 
the head and tail group governs the fluorescence properties of the molecules. The 
dyes exhibit very little fluorescence when in the aqueous phase, but show a strong 
enhancement of fluorescence (-350 fold) upon insertion into plasma membrane 
(Brumback et al., 2004). In the study of membrane dynamics, the green emitting 
FM1-43 (excitation peak 479 nm, emission peak 598 nm) and the red-shifted FM4-64 
(excitation peak 506 nm, emission peak 750 nm) are most commonly used. The 
reversible association of FM dyes with membranes allows for the detection of both 
endocytosis and exocytosis. FM dyes are taken up into vesicles via stimulus- 
coupled endocytosis and washing away excess surface dye reveals the fluorescent 
labelling of functional presynaptic sites (Figure 1.4). Upon the fusion of dye-labelled 
vesicles, dyes are departitioned from the membrane, and the resulting reduction in 
fluorescence is a measure of vesicle exocytosis. FM dyes can be photoconverted to 
an electron-dense product to allow the ultrastructural identification of recycled 
vesicles in electron micrographs (Henkel et al., 1996a). Another popular method of 
monitoring the rate of vesicle exocytosis and endocytosis uses proteins fused to pH- 
sensitive GFP variants. Synapto-pHluorin (spH) is a synaptic vesicle protein 
produced by fusing the lumenal tail of VAMP to a pH-sensitive GFP, ecliptic 
pHluorin (Miesenbock et al., 1998). The pHluorin molecules, by virtue of their 
localization to the lumen of vesicles, are quenched by the low pH values. Upon 
exocytosis and exposure to the extracellular medium their fluorescence increases, 
but is quenched once again upon endocytosis (Ryan et al., 1997). These transient 
changes in fluorescence have been used to measure vesicle turnover most 
successfully in hippocampal cultures that express exogenous spH (Femandez- 
Alfonso and Ryan, 2004). The high level of surface expression of spH and associated
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low signal-to-noise ratio has made the use of these molecules in slice preparations 
more technically challenging (Li et al., 2005).
FM dye labelling of vesicles
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Figure 1.4- Illustration of FM dye loading protocol
The synaptic vesicle cycle is activated following the application of FM dye to the outer leaflet 
of the plasma membrane. Non-endocytosed dye is washed from the membrane after 
stimulation to reveal discrete fluorescent puncta representing synaptic vesicle clusters. .
Modes of recycling
The importance of endocytosis as a key feature of synapse function is most clearly 
demonstrated in temperature-sensitive Drosophila mutant shibire, where at 
restrictive temperatures the inhibition of endocytosis results in paralysis and a 
depletion of vesicles at synapses (Koenig and Ikeda, 1989). The precise mechanism 
by which synapses retrieve vesicular membrane is however more contentious. The 
model proposed by Heuser and Reese involves the uptake of vesicles by clathrin- 
mediated endocytosis at peri-synaptic regions and their transport to and sorting in 
endosomal intermediates from which new vesicles are formed (Heuser and Reese, 
1973). At the same time Ceccarelli et al suggested the existence of an alternative 
form of release at synapses, where vesicles can briefly form fusion pores with the 
presynaptic membrane and release their contents without the need for full collapse,
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in a mechanism that has become known as kiss-and-run (Ceccarelli et al., 1973; 
Fesce et al., 1994). In this way, vesicles can be rapidly retrieved directly from the 
active zone without the need for a clathrin-mediated endocytosis and intermediate 
endosomal vesicular traffic. The finding that the amount of FM dye taken up in 
endocytosis is similar to that released again upon exocytosis would suggest that, 
under certain conditions, endocytosed vesicle membrane avoids being diluted in an 
intermediate endosomal step (Murthy and Stevens, 1998). Another suggested 
means of vesicle recycling envisages the formation of new functional synaptic 
vesicles in a clathrin-dependent manner directly from the plasma membrane or 
from deep plasma membrane invaginations or internalized cisternae rich in 
synaptic vesicle proteins. This model, which avoids the need for an intermediate 
endosomal sorting step and the two rounds of clathrin-mediated vesicle formation, 
would allow for a more rapid reuse of vesicles (Figure 1.5)(De Camilli and Takei, 
1996; Takei et al., 1996).
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a  Heuser and Reese
b  Kiss-and-Run
C Bulk retrieval
Figure 1.5-Multiple modes of vesicle retrieval
(a) A schematic of the Heuser and Reese model of endocytosis. Vesicles undergo fusion 
and full collapse on the presynaptic membrane. After this vesicles are retrived via clathrin 
mediated endocytosis and may go through endosomal compartments before rejoining the 
vesicle cluster, (b) Kiss-and-run release does not require the full collapse of vesicles for the 
release neurotransmitter. Instead neurotransmitter is released through a transiently formed 
fusion pore and are subsequently retrieved from this site of fusion, (c) In the bulk retrieval 
model large invaginations are formed following release. New vesicles may bud directly from 
these or from the internalized cisternae which they form, once pinched off from the plasma 
membrane. Adapted from (Royle and Lagnado, 2003).
Whether it occurs directly from plasma membrane or from endosomal 
intermediates, the mechanisms of clathrin-mediated endocytosis are so far the best 
understood. Clathrin-dependent vesicle formation requires the recruitment of the 
adaptor molecule AP-2 to the membrane. This is mediated by the concentration of 
vesicle proteins containing tyrosine binding motifs, which may include 
synaptotagmin (Zhang et al., 1994), along with PI(4,5)P2 (Haucke and De Camilli, 
1999). The binding of clathrin triskelia to AP-2 forms a clathrin lattice on the 
membrane and the proteins amphiphysin, endophilin and epsin are all thought to
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play a role in inducing membrane invagination, in some cases by penetrating and 
locally destabilizing the plasma membrane to generate lattice curvature. Such 
actions produce uniformly sized vesicles (Murthy and De Camilli, 2003). The 
scission of deeply invaginated clathrin-coated pits to form coated vesicles is 
mediated by the GTPase dynamin (Brodsky et al., 2001). When its GTPase function 
is inhibited with GTPyS, vesicle populations are depleted following stimulation and 
there is an increase in the number of coated pits at synapses (Takei et al., 1995). 
Dynamin may also function in non-clathrin mediated vesicle retrieval to sustain fast 
endocytosis, as suggested by studies in ribbon synapses of retinal bipolar neurons 
(Jockusch et al., 2005). The dissociation of clathrin from vesicles requires the 
binding of Hsc70 and auxilin to clathrin in order to destabilize the icosahedral cage 
structure (Schmid, 1997). The phosphatase action of synaptojanin on PI(4,5)P2 is 
thought to help remove adaptor proteins from newly formed vesicles (Cremona et 
al., 1999).
The observation that the rate of membrane re-upake can vary has led to the 
suggestion that fast and slow modes of vesicle recycling, with different mechanisms, 
exist at synapses. At the Drospohila NMJ, two modes of endocytosis have been noted. 
In the first, the uptake of vesicles directly from the active zone is thought to be a 
rapid clathrin-independent process involved in kiss-and-run release, while a second 
re-uptake mechanism from the periphery of the synapse uses clathrin-mediated 
endocytosis (Koenig and Ikeda, 1996; Verstreken et al., 2002; Verstreken et al., 2003). 
A more recent report has called into question the existence of kiss-and-run release 
at the Drospohila NMJ and suggests that inefficient clathrin-dependent mechanisms 
account for the persistence of neurotransmitter release at the synapses of endophilin 
and synaptojanin mutant flies (Dickman et al., 2005). Capacitance measurements at 
retinal bipolar neurons have revealed fast and slow mechanisms of endocytosis at 
these synapses. Vesicles can be retrieved for reuse quickly (~1 s) following a brief 
stimulation but after a sustained stimulus train membrane re-uptake occurs at 
much slower rates (Neves and Lagnado, 1999). At small central synapses multiple 
methods of vesicle recycling are also thought to co-exist (Murthy and De Camilli,
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2003). In a number of FM dye-labelling studies the time taken for vesicles to become 
available for reuse following fusion has been measured. Estimates range from 30-60 
s, for relatively slow reuse (Ryan and Smith, 1995), to ~1 s in cases of fast vesicle 
recycling (Klingauf et al., 1998; Pyle et al., 2000). As an alternative to FM dyes, 
synapto-pFlluorin measurements of endocytosis at hippocampal synapses revealed 
a variable rate of vesicle uptake depending on the duration of the stimulus 
(Sankaranarayanan and Ryan, 2000) and the temperature of the preparation 
(Fernandez-Alfonso and Ryan, 2004). Fast recycling vesicles are thought to be those 
in the RRP that undergo preferential release at synapses (Pyle et al., 2000). Studies 
in hippocampal cultures using both FM dyes (Aravanis et al., 2003) and synapto- 
pHluorin (Gandhi and Stevens, 2003) have demonstrated a kiss-and-run mode of 
release at synapses that could account for the rapid reuse of vesicles. It is possible 
that kiss-and-run is the most prevalent means of release at synapses during low 
frequency stimulation (Harata et al., 2006), or at synapses with a low release 
probability (Gandhi and Stevens, 2003), while in cases of extensive stimulation, 
clathrin-based modes of vesicle retrieval contribute more to the vesicle cycle. 
Consistently, repeated stimulation of hippocampal neurons expressing spH in the 
presence of bafilomycin (an inhibitor of vesicular proton pump) to trap re- 
endocytosed vesicles in a fluorescent state, resulted in a continuous step-wise 
increase in fluorescence at boutons. This suggests that the RRP is repopulated with 
vesicles from the reserve pool rather than through an immediate reuse of 
endocytosed vesicles under conditions of sustained stimulation. (Li et al., 2005).
The number of vesicles present at the majority of central synapses has been 
estimated to be ~200 (Schikorski and Stevens, 1997). However, of this total 
population, the RP described above, has been reported to contain from between 25 
to 127 vesicles (Harata et al., 2001a). While these estimates differ greatly, they 
indicate the reduced capacity of the RP and highlight the requirement for the 
efficient recycling of vesicles to ensure the fidelity of sustained release at these 
synapses. The concerted efforts of the multiple recycling mechanisms discussed 
above must fufill these requirements.
35
Modulation of vesicle pool organization
The number of vesicles in the RRP as estimated by stimulus trains (Rosenmund and 
Stevens, 1996), prolonged membrane depolarization (Mozhayeva et al., 2002) or 
hyper-osmotic shock (Stevens and Tsujimoto, 1995), is believed to be related to the 
release probability of synapses (Rosenmund and Stevens, 1996). During prolonged 
stimulation the release probability of synapses decreases and this may be linked to 
the depletion of the RRP (Moulder and Mennerick, 2006). In addition, RRP size and 
release probability have been correlated to the size of the RP, which can vary 
between synapses within the same neuron (Murthy et al., 1997). This relationship 
between release probability and the size of the RP, as assessed by FM dye intensity 
and the rates of destaining, is dependent on the rate of stimulation. At low 
frequencies the correlation between size and release is less than at higher 
frequencies (Waters and Smith, 2002). A possible target for the presynaptic 
modulation of synaptic efficacy may be the RRP or the RP. The size of the RRP has 
been shown to increase in hippocampal neurons following treatment with phorbol 
esters (Nagy et al., 2004; Stevens and Sullivan, 1998). The presynaptic actions of 
phorbol esters include modulating the calcium sensitivity of the vesicle release 
machinery (Lou et al., 2005), binding to munc-13 to alter RRP pool size and vesicle 
release (Rhee et al., 2002) as well as regulating release probability by activating PKC 
(Malenka et al., 1986). An increase in the turnover of synaptic vesicles has been 
observed in hippocampal neurons following the induction of LTP by either 
chemical (Malgaroli et al., 1995) or stimulus protocols (Ryan et al., 1996) in both 
cultures and acute slice preparations (Zakharenko et al., 2001). These changes occur 
in less than an hour, and the modulation of vesicle release at individual synapses is 
believed to contribute to the increased synaptic strength. An increase in the size of 
the entire RP or more specifically the RRP could underlie the presynaptic 
modifications. Whether this occurs by recruitment of vesicles from the resting pool 
or by an overall increase in the size of the vesicle cluster has yet to be determined.
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1.3 Transport of Synaptic Components
Neurons are highly polarized cells usually with a single axon and many branching 
dendrites which can extend for great distances from the cell body (Craig and 
Banker, 1994). Synaptic components are distributed from the soma to the outer- 
lying synapses by an energy-dependent transport mechanism, mediated by motor 
proteins moving along cytoskeletal filaments (Bradke and Doth, 2000). The 
movement of proteins and organelles away from (anterogradely) and towards the 
cell body (retrogradely) is essential for the establishment of synaptic contacts and 
the long-term maintenance of neuronal function (Bradke and Dotti, 2000). This 
section will describe the basic mechanisms of axonal transport and focus on the 
movements of synaptic vesicles along axons as well as within established synaptic 
vesicle clusters.
1.3.1 Axonal transport
The movements of axonally transported proteins can be classified according to the 
overall rate of movement and their directionality. Early studies of axonal movement 
using radioisotope pulse-labelled proteins in live animals, identified three distinct 
groups of proteins and classified them according to their rates of movement: a fast 
component and two slower components called SCa and SCb, respectively (Brown, 
2000).
Fast axonal transport
The fast component of axonal transport involves the anterograde and retrograde 
movement of membranous organelles along cytoskeletal filaments at rates of up to 
200-400 mm/day or 0.5-5 pm/s (Brown, 2003). These organelles contain many of the 
proteins required for synaptic function such as SNAREs, ion channels and adhesion 
molecules (Hirokawa and Takemura, 2005). In axons, microtubule filaments are 
organized in a polarized manner with the pointed or plus ends directed towards the 
periphery and the barbed or minus ends towards the soma (Baas et al., 1988). These
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dynamic and unstable polymers of a -  and p-tubulins are ~25 nm in diameter and 
arranged parallel to one another with a spacing of ~20 nm between each filament. 
Microtubule associated proteins (MAPs), including the axon-specific MAP, tau, 
control the spacing between filaments and their stability by modifying the rates of 
assembly and disassembly (Desai and Mitchison, 1997; Squire, 2003).
The kinesin and dynein families of molecular motors are responsible for the 
movement of cargo along microtubules (Vale, 2003). The majority of the kinesin 
(KIF) proteins are plus-end directed motors that move cargo anterogradely 
(Hirokawa and Takemura, 2004), while dynein motors are involved in retrograde 
transport(Vale, 2003). There are 45 human and mouse KIF genes which can be 
classified into 14 large families, kinesin 1-14, based on their evolutionary 
relatedness. KIFs can also be classified according to the position of the motor 
domain, be it amino-terminal, middle or carboxy-terminal as N-, M- or C-kinesins, 
respectively. N- and M-kinesins are plus-end directed motors and C-kinesins carry 
cargo towards the minus end of microtubules (Hirokawa and Takemura, 2005). 
Kinesins are rod-shaped proteins, approximately 80 nm in length, and are made up 
of heavy (115-130 kDa) and light (62-70 kDa) chains (Vale, 2003). The conserved 
globular or motor domains of kinesins in the heavy chain head region are 
responsible for microtubule binding and ATP-dependent movement (Hirokawa 
and Takemura, 2005). The tail regions, containing the light chains, bind 
membranous cargo and are highly variable between different kinesin proteins. This 
variability may be the basis for cargo selectivity and the differential regulation of 
motor proteins (Hirokawa and Takemura, 2005; Seiler et al., 2000). The retrograde 
transport of cargo to the soma is mediated by minus-end directed KIF proteins, 
such as members of the kinesin 14 family, and those of the dynein family (Vale,
2003). Dyneins are large (1-2 MDa) double-headed proteins with two heavy chains 
that contain the motor domain and multiple light chains (King, 2000). There is less 
diversity amongst members of the dynein family and their binding to many 
different accessory intermediate and light chain proteins is thought to confer cargo 
specificity (Goldstein and Yang, 2000). An example of this type of interaction is that
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of dynein motors with the dynactin protein complex which occurs via the pl50 slued 
subunit; this association can mediate motor binding to microtubules and cargo 
while at the same time enhancing the processivity of the motor proteins (Welte,
2004). The dynactin complex is also thought to be key in facilitating the bi­
directional transport of cargo in axons. The addition of pl50 antibodies to extruded 
squid axoplasm resulted in a block of both retrograde and anterograde movement 
(Waterman-Storer et al., 1997). The molecular basis for the dual role of dynactin 
seems to lie in its ability to interact with both the anterograde motor kinesin II as 
well as cytoplasmic dynein (Deacon et al., 2003).
Fast axonal transport of cargo over long distances primarily occurs along 
microtubules. However, axonally transported organelles are also moved along actin 
filaments by myosin motors (Bridgman, 2004; Brown, 1999). Actin filaments are 4-6 
nm in diameter and are generally shorter and less uniformly organized than 
microtubules (Alberts, 2002). The primary actin-based motor in neurons is myosin- 
V, a double headed protein consisting of two dimerized heavy chains forming three 
domains: a head/neck domain, a middle proximal/medial tail domain and a distal 
globular tail domain (Langford, 2002). The head/neck domain contains actin and 
ATP binding sites, while the middle domain is the site of heavy chain dimerization 
(Vale, 2003). A large protein complex of light chains and other accessory proteins 
exists at the tail or globular end of the motor protein where cargo binds (Langford,
2002). Myosin-V has been shown to carry synaptic and endosomal vesicles in axons 
(Bridgman, 2004).
The interplay between the microtubule and actin based transport was first 
demonstrated in studies of squid giant axoplasm where vesicles were seen to move 
alternately along actin filaments and microtubules (Kuznetsov et al., 1992). An 
ultrastructural demonstration of the close association between actin and 
microtubule filaments in the squid giant axon supports the dual dependency of 
axonal transport on both the actin and microtubule cytoskeleton (Bearer and Reese,
1999). The interaction of kinesin family proteins with myosin-V motors, via their tail 
domains, is thought to form a heteromotor complex capable of movement on both
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actin and microtubules. The activation of a given motor by binding to its substrate 
may inhibit the function of the other motor, and as such, allow the same vesicle to 
be carried efficiently along both actin and microtubules (Huang et al., 1999; 
Langford, 2002). The fast axonal retrograde transport of cargo in motor neuron 
axons is another example of the dual role of filamentous actin and microtubules in 
this process. In this situation, the efficient retrograde movement of cargo is 
facilitated by cooperation between the myosin-Va and cytoplasmic dynein motor 
proteins, possibly through a dimerization based interaction (Lalli et al., 2003). In 
addition, pigment granules in Xenopus laevis melanophores have been observed to 
associate with myosin, dynein and kinesin motors (Nascimento et al., 2003). The 
importance of the actin cytoskeleton for competent axonal transport is further 
evidenced by the effects of actin disrupting agents on cargo movement. The actin 
binding protein gelsolin, which acts to sever and cap actin filaments (dos Remedios 
et al., 2003), can inhibit fast axonal transport in the axoplasm of squid giant axons 
(Brady et al., 1984). The actin depolymerizing effects of DNasel has similar effects 
on axonal transport (Goldberg et al., 1980), while the actin stabilizing agent 
jasplakinolide can also disrupt axonal transport in hippocampal neurons (Hiruma 
et al., 2003).
Slow axonal transport
Certain proteins, cytoskeletal proteins in particular, have been reported to move 
along axons at much slower rates compared to proteins contained in membranous 
organelles (Brown, 2000). In the original radio-isotope labelling studies that 
characterized the speed of axonal protein traffic (Lasek et al., 1984), slow moving 
proteins were placed in either of two categories SCa or SCb. SCa included 
microtubules, neurofilaments and associated proteins which moved together at a 
rate of 0.3-3 mm/day. Actin and related proteins moved at a slightly faster rate of 2- 
8 mm/day and were placed in the SCb category (Lasek et al., 1984). These early 
studies suggested that cytoskeletal proteins moved slowly and continuously en 
masse along the axon in an exclusively anterograde manner. Subsequent live- 
imaging experiments, in which microtubules in a narrow cross section of an axon
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were marked by selective photobleaching of fluorescently labelled microtubules 
(Lim et al., 1990; Lim et al., 1989) or by photoactivation (Okabe and Hirokawa, 1992; 
Reinsch et al., 1991), have provided conflicting results depending on the 
preparation studied. These imaging experiments were carried out using rates of 
acquisition ranging from 1 frame per 10 min to 1 frame per 30 s and in a few cases 
the slow coherent axonal movement of stripes of proteins marked in this way was 
observed, while in others a non-directional recovery of fluorescence was seen with 
little movement of the stripe. Recent live-cell imaging studies, using higher rates of 
acquisition (one frame per 2-4 s) of fluorescently labelled microtubules (Wang and 
Brown, 2002) and neurofilaments (Wang et al., 2000) have shown that they can 
move quickly as polymers in intermittent bursts, with rates similar to that observed 
for membranous cargo in fast axonal transport. These studies have led to the idea 
that the motors involved in slow transport are likely to be the same as those used 
for fast axonal transport, and that the long intervals between bursts of movement 
could account for the overall reduced rate of movement observed (Baas and Buster,
2004).
1.3.2 Synaptic vesicle movements 
Sorting synaptic components
In order for synaptic components, unique to axons and dendrites, to be delivered 
efficiently to their targets, a mechanism of cargo sorting is required. Proposed 
mechanisms for the selective localization of proteins to axons include, the 
differential packaging of axonal and dendritic bound cargo at the TGN, selective 
transport along axonal or dendritic microtubules, the selective fusion of transport 
packets at destinations, as well as the selective retrieval of incorrectly targeted 
proteins (Winckler, 2004). Axonal proteins are known to become packaged into 
tubulovesicular organelles at the Golgi for transport to the cell membrane (Nakata 
et al., 1998). The preferential association of KIF5 motor proteins with the 
microtubules in the initial segment of the axon provides one mechanism for 
selective targeting of organelles bound to KIF5 (Nakata and Hirokawa, 2003). The
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destination of the motor protein can also be affected by the cargo it binds. When the 
C-terminal tail of KIF5 binds to AMPA receptor-containing vesicles through GRIP-1, 
these vesicles are targeted to the dendrites (Setou et al., 2002). However, when KIF5 
binds vesicles containing amyloid precursor protein, indirectly through the 
interactions of kinesin light chains with the scaffolding protein JIP, these organelles 
are targeted to the axon (Verhey and Rapoport, 2001). An example of presynaptic 
protein transport is the sorting and targeting of the synaptic vesicle protein VAMP. 
The axonal localization of this protein is achieved by its selective endocytosis along 
the dendritic surface (Sampo et al., 2003). The importance of the VAMP cytoplasmic 
domain for its target localization was demonstrated in an experiment where the 
cytoplasmic domain of VAMP was fused to the NH 2-terminus of the transferrin 
receptor. Whereas the transferrin receptor is normally exclusively targeted to 
dendrites, this chimeric protein localized to presynaptic sites, but not to synaptic 
vesicles. The signal sequence contained within the cytoplasmic portion of VAMP 
was sufficient for the inclusion of this protein into transport organelles bound for 
the presynaptic terminal but not for its insertion into synaptic vesicles, indicating 
that additional signals are required for correct targeting (West et al., 1997).
Vesicle formation
The blockade of axonal transport in neurons and subsequent ultrastructural 
examination of the regions proximal to the site of blockade revealed an 
accumulation of tubulo vesicular membrane structures rather than vesicles (Tsukita 
and Ishikawa, 1980). This data was taken to suggest that synaptic vesicles are 
formed either in the axon or at synapses rather than directly from the TGN in the 
soma. Consistently, live cell imaging of the anterograde movement of fluorescently 
labelled synaptic proteins, combined with post-hoc electron microscopy 
demonstrated SNAP-25 and synaptophysin moving out of the soma in large 
tubulovesicular structures (Nakata et al., 1998). A separate study also showed the 
accumulation of GFP-labelled VAMP in tubulovesicular organelles at new sites of 
axo-dendritic contact (Ahmari et al., 2000). Further evidence for the non-somal 
production of synaptic vesicles comes from studies demonstrating that synaptic
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vesicle components are delivered to synapses separately by different motor proteins. 
The monomeric kinesin motor protein KIF1A, associates with synaptophysin and 
synaptotagmin but not SV2 (Okada et al., 1995), while VAMP has been shown to be 
transported by KIF5 (Nakata and Flirokawa, 2003).
The formation and maturation of synaptic vesicles may occur at already established 
synapses with newly arriving components being assimilated into the synaptic 
vesicle cycle or through a process of fusion with non-synaptic axonal membrane 
and recycling though endosomal intermediates (Hannah et al., 1999). The 
possibility of vesicle fusion at non-synaptic sites was indicated by the observation 
of neurotransmitter release in immature motor neuron (Sun and Poo, 1987; Young 
and Poo, 1983). Subsequently, the incubation of immature hippocampal neurons 
with antibodies directed against the lumenal domain of synaptotagmin revealed the 
constitutive and evoked exo-endocytic recycling of vesicles in isolated axons 
(Kraszewski et al., 1995; Matteoli et al., 1992). The repeated fusion of synaptic 
vesicle precursor organelles with the axonal plasma membrane may act to filter 
synaptic vesicle proteins and facilitate their distribution into newly forming vesicles. 
Evidence for this proposal is seen in Drosophila neurons deficient in the exocyst 
protein sec5. The exocyst complex is known to be involved in the polarized 
exocytosis of transport vesicles in non-neuronal cells (Grindstaff et al., 1998) but is 
not required for synaptic vesicle fusion at synapses (Murthy et al., 2003). In sec5 
mutant axons, synaptotagmin proteins were transported as normal but excluded 
from vesicles (Murthy et al., 2003). It was then suggested that the inability of 
synaptotagmin precursor vesicles to fuse with the plasma membrane, due to the 
lack of sec5, resulted in the exclusion of these components from precursor vesicles. 
In neurons the exocyst complex, thus appears to play a role in the formation of 
nascent vesicles.
Localizing synaptic vesicles
In developing neurons both axons and dendrites form filopodial extensions, 
presumably in search of apposing partners (Goda and Davis, 2003). The proteins 
involved in the stabilization and maintenance of synaptic contacts, which include
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transsynaptic homophilic and heterophilic adhesion molecules, may also function 
to localize synaptic components to nascent synapses. A number of adhesion 
molecules have been shown to have an instructive role in synapse formation. When 
HEK-293 cells expressing syn-CAM were co-cultured with hippocampal neurons, 
synaptic vesicle clusters formed along axons at points of contact with HEK cells 
(Biederer et al., 2002). Neuroligin, which binds to presynaptic (3-neurexin, can also 
induce the clustering of presynaptic vesicles and proteins in axons when expressed 
in non-neuronal cells (Scheiffele et al., 2000). These molecules are thought to interact 
with presynaptic cytomatrix proteins through PDZ binding motifs. The multi­
domain protein CASK can bind to neurexins and promote the polymerization of 
actin at these sites (Biederer and Sudhof, 2001). The interaction of CASK with other 
presynaptic scaffolding proteins through a cascade of protein-protein binding 
events may then act to recruit proteins required for presynaptic differentiation 
(Biederer and Sudhof, 2000). N-cadherin, while not essential for synapse formation, 
has been proposed to stabilize early axo-dendritic contacts and allow other 
molecular interactions which promote the maturation of the contact into a synapse 
(Togashi et al., 2002). Another adhesion molecule, NCAM, has been reported to 
interact with TGN-derived organelles by binding, through its cytoplasmic domain, 
the cytoskeletal protein spectrin. Imaging studies have revealed the movement of 
NCAM-associated organelles along axons and their eventual localization to nascent 
sites of synaptic contact (Sytnyk et al., 2002). These complexes, while not initiating 
the axo-dendritic contact, may help to rapidly recruit presynaptic components 
during synaptogenesis. The disruption of the actin cytoskeleton by latrunculin A in 
the early stages of synaptogenesis results in the loss of presynaptic sites (Zhang and 
Benson, 2001). This effect may be indicative of a role for actin in stabilizing vesicles 
at nascent synapses, possibly through its interaction with the synaptic vesicle 
protein synapsin I (Valtorta et al., 1992). However, as synapses mature they become 
more resistant to perturbations of actin filaments. After 18-20 DIV, latrunculin has 
little effect on the structural integrity of synapses (Zhang and Benson, 2001), 
suggesting that other molecular interactions supersede the role of actin in 
maintaining the synapses.
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Movement of synaptic packets
Neurons in the early stages of network formation are thought to be quite dynamic 
with the predominant features being neurite extension and the creation of synaptic 
contacts (Waites et al., 2005). In hippocampal neurons the movement of synaptic 
components have been studied with respect to its role in synapse formation. In 
developing neurons, within a short time of axo-dendritic contact, vesicle recycling 
is evident at nascent synapses (Zhen and Jin, 2004). The time-course and sequence 
of protein recruitment to nascent synaptic sites in hippocampal neurons in culture 
has been elucidated by a combination of repeated FM dye labelling and post hoc 
immunostaining (Friedman et al., 2000). Over the first 30 mins following contact, 
both presynaptic scaffolding proteins and vesicles are recruited, and within two 
hours, functional synapses form at axo-dendritic contacts (Friedman et al., 2000). 
The association of certain presynaptic proteins in dedicated transport packages has 
been suggested to facilitate the formation of synapses. The presynaptic cytomatrix 
proteins Piccolo and Bassoon are known to travel along axons together with 
syntaxin and SNAP-25 in 80 nm dense core vesicles called presynaptic transport 
vesicles (PTV's). These vesicles have been proposed to be part of a modular 
mechanism of synapse formation, with 2-3 PTV's being sufficient to form a 
presynaptic site (Shapira et al., 2003). Mobile synaptic vesicles, most probably 
generated by non-synaptic exo-endocytosis as discussed previously, have been 
identified in isolated axons as well as in filopodia and growth cones (Dai and Peng, 
1996; Kraszewski et al., 1995; Sabo and McAllister, 2003). These non-synaptic 
recycling events are different from those at bona fide synapses, in that they display 
an increased sensitivity to brefeldin A (Zakharenko et al., 1999), a decreased 
sensitivity to tetanus toxin (Verderio et al., 1999a) and different calcium channel 
properties to those at mature synapses (Verderio et al., 1995). The mobile clusters of 
synaptic vesicles, moving at rates of between 0.1-1 pm s_1, provide further evidence 
for the notion that components of synapses are pre-assembled prior to their arrival 
at the synapse, so as to facilitate the rapid formation of functional synapses 
(Matteoli et al., 2004). In more mature neurons, orphan presynaptic sites lacking 
appropriate postsynaptic partners have been identified (Krueger et al., 2003). In
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some cases, these immature synapses seem to arise from mobile synaptic vesicles 
that are associated with the scaffolding protein Bassoon. These results extend the 
idea of pre-assembled synaptic units to mature synaptic networks, where under 
certain conditions the rapid formation of synapses may be required. The movement 
of synaptic vesicle packages has also been linked to synapse disassembly in 
developing neurons. Following a protocol that induces synaptic depression, an 
NMDA-dependent decrease in presynaptic function was correlated with an increase 
in the disassembly of fluorescently labelled synapses (Hopf et al., 2002).
A similar quantal mechanism of assembly for postsynaptic units has been proposed, 
following the observation that mobile packets of NMDA and AMPA receptors 
move along microtubules in the dendrites of cortical neurons (Washboume et al., 
2002a). NMDA receptors and PSD-95 proteins seemingly accumulated concurrently 
shortly after axo-dendritic contact, while AMPA receptor recruitment proceeded at 
a slower rate. In hippocampal neurons, the formation of the postsynaptic density 
has been propsed by some researchers to occur by the gradual, non-packet based, 
recruitment of proteins to locations opposite already established presynaptic sites 
(Bresler et al., 2004; Friedman et al., 2000). However, in a more recent report mobile 
packets of postsynaptic proteins, including the scaffold protein PSD-95, have been 
observed in hippocampal neurons. In contrast to the previous studies, when these 
mobile postsynaptic packets became stationary, they seemingly recruited 
presynaptic proteins and formed functional synapses at these sites (Gerrow et al., 
2006). A more detailed examination of the early events in synaptogenesis are 
required to define categorically whether the inductive power in synapse formation 
resides pre- or postsynaptically.
Maintaining vesicle clusters
The actin cytoskeleton has been thought of as a scaffold or a restraining cage 
tethering the reserve pool of vesicles to the synapse via its interactions with 
synapsin I (Dillon and Goda, 2005; Dunaevsky and Connor, 2000; Greengard et al., 
1993). The activity-dependent phosphorylation of synapsin I is believed to release 
the vesicles from actin filaments and engage them in exocytosis (Chi et al., 2003;
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Huttner et al., 1983). Accordingly, the injection of synapsin I antibodies into 
presynaptic terminals caused a reduction in the size of the recycling pool and an 
impairment of release during high frequency stimulation (Bloom et al., 2003; 
Pieribone et al., 1995). In addition, fluorescently labelled synapsin I appears to 
dissociate from the vesicle cluster and transiently disperse into the axon upon 
stimulation (Chi et al., 2001). Other molecules may also play a role in regulating the 
vesicle cluster. The presynaptic scaffolding molecules Piccolo and Bassoon, which 
are distributed throughout the vesicle cluster, may act to maintain cluster integrity 
through an indirect interaction with the vesicle protein Rab3 (Murthy and De 
Camilli, 2003). Beta-catenin has also been implicated in vesicle cluster maintenance. 
In (3-catenin null mice, synapse formation or the number of docked vesicles was not 
adversely effected. However, there was a marked reduction in the overall size of 
vesicle clusters. The rescue of this phenotype by expressing wild-type or mutant (3- 
catenin required its interaction with protein partners via PDZ-binding motifs but 
was independent of (3-catenin's link to actin or wnt signalling activities (Bamji et al.,
2003).
Intra-bouton vesicle movements
Whereas upon stimulation, vesicles are mobilized within terminals for release, at 
resting synapses, vesicle movements are thought to be minimal. This lack of 
mobility was suggested in early reports from frog NMJ and hippocampal cultures, 
where the photobleached subsections of FM dye loaded presynaptic boutons 
showed little fluorescence recovery (Henkel et al., 1996b; Kraszewski et al., 1996). 
The application of okadaic acid, a protein phosphatase inhibitor, or stimulation 
promoted the movement of fluorescence material back into the photobleached 
regions. Okadaic acid disrupts the interaction of synaptic vesicles with release sites, 
resulting in their dispersal into axons (Betz and Henkel, 1994; Kraszewski et al., 
1995). In contrast, staurosporine, a kinase inhibitor, reduces the movement of 
vesicles within the cluster, thus blocking the recruitment of vesicles from reserve 
pools and preventing the intermixing of vesicles after endocytosis (Becherer et al., 
2001; Kraszewski et al., 1996). These results indicate that phosphorylated proteins,
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such as synapsin I, regulate vesicle mobility at synapses. More recently the 
movement of synaptic vesicles within hippocampal boutons has been addressed 
using more sensitive fluorescence detection and analysis approaches. In one study, 
a combination of FM dye labelling of vesicles, spot photobleaching and fluorescence 
correlative spectroscopy (FCS) (Shtrahman et al., 2005), or in another study, 
minimal FM dye loading protocols to label single vesicles along with a modified 
form of FCS called fluorescence fluctuation analysis (FFS) (Jordan et al., 2005; 
Lemke and Klingauf, 2005), have tracked the movement of vesicles within boutons. 
These studies reported that while the majority of vesicles at a synapse are immobile, 
at any time there is also a small proportion of the population capable of moving 
through the cluster in a stop-and-go fashion as though they were making and 
breaking tethering links. In addition, as described in previous studies, okadaic acid 
treatment was seen to increase the mobility of vesicles while staurosporine had the 
opposite effect. These results would suggest that presynaptic vesicle clusters in 
resting neurons are more dynamic than previously thought.
Concluding comments
Many studies in a number of different synapses and model systems have helped to 
elucidate the molecular interactions and transport mechanisms required for 
synapse formation as well as the long-term maintenance of these connections. It is 
generally believed that synapses are independent stable units of transmission, with 
the local recycling of synaptic components via the synaptic vesicle cycle 
underpinning their autonomous nature. However, reports of the movement of 
vesicles in neurons, discussed previously in this chapter, could point to a less stable 
arrangement of synapses within established networks. The subsequent chapters of 
this thesis characterize the redistribution of recycling pool vesicles between 
established synapses and investigate the implications of such movements on 
synaptic function in hippocampal neurons.
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Aims
The aims of this thesis were to examine the fate of endocytosed vesicles, specifically 
to test the classical model of a compartmentalized synaptic vesicle cycle in cultured 
hippocampal neurons. To achieve this:
• The movements of recently endocytosed vesicles were examined by time- 
lapse imaging.
• Fluorescence recovery after photobleaching and FM styryl dye destaining 
protocols were used to assess the fate of mobile recycling pool vesicles.
• The nature of mobile vesicles and their incorporation into non-native 
synapses were studied at the ultrastructural level using correlative light 
and electron microscopy along with FM dye photoconversion.
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Chapter 2 1 Materials  and  
Methods
Materials
2.1 Chemicals/Reagents/Products
All chemicals/reagents used that are not listed below were obtained from Sigma- 
Aldrich or BDH/Merck.
Product Company Address
Acetic acid Sigma-Aldrich Dorset, UK
Advasep-7 Biotium Hayward, CA, US
AP-5 Tocris Bioscience Bristol, UK
Bromophenol Blue BIO-RAD Hemel Hempstead, UK
Cytosine arabinoside Sigma-Aldrich Dorset, UK
CNQX Tocris Bioscience Bristol, UK
Cy2 G-anti-rabbit Jackson ImmunoResearch Pennsylvania, US
DAB DAKO Cambridgeshire, UK
DDSA TAAB Laboratories Equipment 
Ltd
Berkshire, UK
DMP30 TAAB Laboratories Equipment 
Ltd
Berkshire, UK
DNase 1 Calbiochem California, US
Eagle’s Basal Medium Invitrogen Paisley, UK
Fetal Calf Serum Sigma-Aldrich Dorset, UK
FITC G-anti-mouse Jackson ImmunoResearch Pennsylvania, US
Fluo-4 Molecular Probes/lnvitrogen Paisley, UK
FM 1-43FX Molecular Probes/lnvitrogen Paisley, UK
FM4-64 Molecular Probes/lnvitrogen Paisley, UK
16% Formaldehyde Agar Scientific Essex, UK
Formvar Agar Scientific Essex, UK
GluR-1 antibody rabbit Calbiochem California, US
Glutamax Gibco/lnvitrogen Paisley, UK
25%  Glutaraldehyde Agar Scientific Essex, UK
Hank’s Balanced Salt Solution Invitrogen Paisley, UK
HEPES Sigma-Aldrich Dorset, UK
Lead Nitrate Fisher Scientific Leicestershire, UK
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Metamorph software Molecular Devices LTD Berkshire, UK
MNA TAAB Laboratories Equipment 
Ltd
Berkshire, UK
Osmium tetroxide TAAB Laboratories Equipment 
Ltd
Berkshire, UK
PBS Gibco/lnvitrogen Paisley, UK
Potassium ferrocyanide Sigma-Aldrich Dorset, UK
Propylene oxide Agar Scientific Essex, UK
Q IAG EN® Plasmid Maxi Kit Qiagen Crawley, UK
QIAprep® Spin Miniprep Kit Qiagen Crawley, UK
Picrotoxin Sigma-Aldrich Dorset, UK
Sodium Cacodylate TAAB Laboratories Equipment 
Ltd
Berkshire, UK
Sodium Citrate Sigma-Aldrich Dorset, UK
Sodium Pyruvate Gibco/lnvitrogen Paisley, UK
TAAB 812 TAAB Laboratories Equipment 
Ltd
Berkshire, UK
Tannic Acid TAAB Laboratories Equipment 
Ltd
Berkshire, UK
Tissue culture plastics Beckton Dickinson or Corning California, US, New  
York, US
Trypan Blue Gibco/lnvitrogen Paisley, UK
Trypsin/EDTA LMCB UCL, UK
2.2 Buffers and Solutions
All buffers and solutions were made as described below. 'RT' indicates room 
temperature; 'Filter' indicates sterilization using a 0.2 pm filter.
Buffer/Solution
Astrocyte Growth 
Medium
Dissection
Solution
Enzyme Solution
EPON
Ingredients Storage
Eagle’s Basal Medium (BME), 20  
mM Glucose, 10 mM HEPES  
buffer, 1 mM sodium pyruvate, 
Glutamax, 10 % fetal calf serum
Hank’s Balanced Salt Solution 
(HBSS) with 10 mM HEPES
Dissection solution containing 1.5 
pM calcium chloride, 2 mg/ml L- 
cysteine, 0.1 fig/ml DNase I, 0.5 
mM EDTA 30 units papain.
TAAB 812, DDSA, MNA, DMP30  
in a ratio of 24:9.5:16.5:1, 
respectively
4°C
4°C
4°C
RT
Sterilization
Filter
Filter
Filter
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EPON/PO
External Bath 
Solution
Formaldehyde-
Glutataldehyde
Fixative
2x Hepes- 
buffered saline 
(2x HBS)
L-agar
L-broth
Lead Citrate 
solution
Neuronal Growth 
Medium
Osmium fixative 
PDL-Collagen
Sodium
Cacodylate
buffer
Sodium sulphate 
solution
Tannic Acid 
solution
Transfection
medium
1:1 EPON and propylene oxide RT
137 mM NaCI, 5 mM KCI, 2.5 mM -20°C
CaCI2, 1 mM MgCI2, 10 mM D- 
glucose, 5 mM HEPES, 0.1 mM 
picrotoxin
2%  glutaraldehyde and 2%  On ice
formaldehyde in PBS
274 mM NaCI, 10 mM KCI, 1.4 -20°C
mM N a2H P 0 4 .7 H 20 , 15 mM  
dextrose (D-glucose) 42 mM 
Hepes
1 % bacto-tryptone, 0.5%  yeast RT
extract, 170mM NaCI, 15% agar
1 % bacto-tryptone, 0.5%  yeast RT
extract, 170 mM NaCI
80 mM lead citrate, 120 mM RT
sodium citrate and 0.8 ml 10 N 
NaOH in 50 ml of H20 .  Centrifuge
Eagle’s Basal Medium (BME), 4°C
20m M Glucose, 10mM HEPES  
buffer, 1mM sodium pyruvate,
Glutamax, 2% fetal calf serum
1 % osmium tetroxide, 1.5% RT
potassium ferrocyanide
Acetic acid (0.025% ), 1:8 dilution RT
rat tail collagen, 5 pg/ml Poly-D- 
Lysine in dH20.
0.2 M stock: sodium cacodylate in 4°C
dH20, pH adjusted with HCL
1 % w/v sodium sulphate in 0.05 M 
sodium cacodylate
1 % w/v in 0.05 M sodium 
cacodylate
Eagle’s Basal Medium (BME), 20 4°C
mM Glucose, 10 mM HEPES  
buffer, 1 mM sodium pyruvate,
Glutamax
Filter
Filter
Autoclave
Autoclave
Filter
Filter
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Methods
2.3 Dissociated Hippocampal Cell 
Culture
2.3.1 Growth and maintenance of hippocampal neurons
Preparation of coverslips
12 mm glass coverslips were washed overnight in nitric acid, then rinsed 
thoroughly with deionised water for 2-3 hr, and stored in 100% ethanol. As 
required, coverslips were placed in 24-well plates and sprayed lightly with a Poly- 
D-Lysine (PDL)-collagen mix. PDL-collagen coated coverslips were used for up to 
two months after spraying.
Preparing astrocyte feeder layer
As a source of astrocytes for the feeder layer on which neurons were plated, surplus 
cells from a dissection were grown in T-25 flasks in astrocyte growth medium. After 
the cells had attached to the flask, neuronal growth was discouraged by shaking the 
flask for 4-5 hr at 250 rpm. When astrocytes were close to confluency, they were 
removed by trypsinization and plated onto PDL-collagen coated coverslips at 
between 4,000 and 7,000 cells per well in astrocyte growth medium. After a period 
of 4-5 days growth a suitable feeder layer had developed.
Dissection and plating of hippocampal neurons
Dissociated hippocampal cultures were prepared from P0 rats. The hippocampus 
was removed into cool dissection solution, cut into small pieces and placed in the 
papain-based enzyme solution for 35 min at 37°C. The enzyme solution was then 
replaced with neuronal growth medium and the tissue triturated with a flame 
polished pipette. Cell number was estimated by adding 40 pi of the cell solution to 
4 pi of 0.4 % trypan blue (to identify dead cells) and cells were counted in a 
Hawkesly Hemacytometer. Neurons were plated at between 10,000 and 20,000 cells
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per well in 500 pi of neuronal growth medium onto an astrocyte feeder layer plated 
4-5 days earlier.
Maintenance of hippocampal neurons
Within 12 hrs of plating, neuronal growth medium was exchanged completely with 
fresh medium containing 4 pM cytosine arabinoside in order to inhibit astrocyte 
proliferation. Neuronal cultures were fed every 7 days after plating by removing 
100 pi of neuronal growth medium from each well and replacing it with 200 pi of 
fresh neuronal growth medium which had been conditioned over-night in a flask of 
astrocytes.
2.3.2 Transfection of hippocampal neurons
Neurons were transfected with plasmid DNA at between 8 and 10 DIV using a 
modified calcium phosphate protocol (Xia et al., 1996). In brief, for each well to be 
transfected 1-2 pg of DNA was mixed with 1.5 pi of 2.5 M CaCh and an appropriate 
volume of ultra-pure water to give a final volume of 15 pi. The DNA-CaCb mix was 
then added drop-wise to the same volume of 2x-Hepes-buffered saline and 
incubated at room temperature in the dark for 20 min. In each well to be transfected 
the neuronal growth medium was replaced with transfection medium and stored 
for later use. 30pl of calcium phosphate-DNA solution was added to each well of 
neurons. After 20-30 min or at a time when a sandy precipitate was visible the 
neurons were washed gently with fresh transfection medium and the neuronal 
growth medium was replaced. Neurons were used for experiments after a further 4- 
6 days.
2.4 Preparation of Plasmid DNA
2.4.1 Transformation of competent DH5a bacterial cells
2-10 pi of plasmid DNA at 1 ng/pl was added to 50 pi of competent DH5a cells on 
ice and left for 30 minutes. The bacteria were heat shocked at 42°C for 1 minute
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before being placed back on ice for 2 minutes. 500pi of L-broth was then added to 
the bacteria which were subsequently cultured for 45 minutes at 37°C with shaking 
at 150rpm. 150-400pl of bacterial culture was spread out using sterile techniques on 
to L-agar plates containing either 50pg/ml ampicillin or kanamycin as appropriate.
2.4.2 Small scale preparation of plasmid DNA
Single colonies of antibiotic resistant bacteria were picked from L-agar plates using 
sterile pipette tips and used to inoculate 5 ml of L-broth containing the appropriate 
antibiotic. Cultures were grown overnight at 37°C while shaking at 250 rpm.
2.4.3 Large scale (maxi) preparation of plasmid DNA
500pi of small scale bacterial culture was used to inoculate 200 ml of L-broth 
supplemented with antibiotic. The culture was grown overnight at 37°C with 
shaking at 250 rpm. Plasmid DNA was isolated from the culture using a QIAGEN® 
Plasmid Maxi Kit according to the manufacturer's instructions. DNA was dissolved 
in TE or EB buffer to a concentration of 1 mg/ml and stored at -20°C.
2.5 Fluorescent Labelling of Synapses
2.5.1 Electrical stimulation of hippocampal neurons
A custom made slotted field stimulation chamber with two parallel platinum 
electrodes lying 1 cm apart and a glass coverslip base was used to stimulate 
hippocampal neurons. A gravity-flow perfusion system and vacuum pump-driven 
suction allowed for the efficient exchange of solutions. The platinum electrodes 
were connected to a Grass stimulator (Astro-Med Inc, USA) which was used to 
generate field potentials, the number and frequency of which could be varied. The 
field stimulation set-up was calibrated to determine the potential changes required 
to generate action potentials in the neurons. To do this, neurons were bathed in the 
calcium sensitive dye Fluo-4-AM (5 pM) in external bath solution (EBS) for 5 mins, 
during which time it crossed the cell membrane into cytoplasm. The cells were
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placed in the field stimulation chamber and washed with fresh EBS containing 20 
pM CNQX and 50 pM AP-V to prevent recurrent activity in the cultures, but allow 
action potential generation upon stimulation. The neurons were stimulated for 2 
seconds at a time with 1 ms pulses at 10 Hz at increasing voltage with at least 20 s 
rest between stimulations, as outlined in the schematic in Figure 2.1a. The increase 
in intracellular calcium concentration in response to action potentials in the neuron 
was measured as an increase in Fluo-4 fluorescence intensity (Figure 2.1b). A 
maximal response was observed at 25V (Figure 2.1c). In subsequent experiments 
requiring the generation of action potentials in neurons a voltage setting of between 
20 and 25 volts was used.
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Figure 2.1- Calibration of field stimulation chamber
(a) Schematic describing the labelling of hippocampal neurons with fluo-4-AM and 
subsequent stimulation and imaging protocol, (b) Fluorescence images of fluo-4-AM labelled 
neurons before and during a stimulus train. Inset shows fluorescence intensity changes in 
response to stimulation in a single process, (c) Plot of the relative change of fluo-4-AM  
fluorescence intensity in neurons following 2 s stimulus trains of varying voltage.
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2.5.2 Styryl dye labelling of synaptic vesicles
All experiments were carried out in EBS containing 20 pM CNQX and 50 pM AP5 
at 35°C. The osmolarity of the EBS was adjusted with sorbitol to match that of the 
neuronal growth medium. The temperature of the EBS was regulated by either an 
in-line solution heater (Warner Instruments, USA) attached to the perfusion system 
or by an objective heater (Bioptech, USA). Synaptic vesicles were labelled by field 
stimulation in the presence of FM4-64 (10 pM) or FM1-43FX (10 pM), a fixable 
analog of FM1-43. A 600 AP train at 10 Hz was used to load the recycling pool of 
vesicles at synapses with FM dyes. The neurons were left in the FM dye for 45 s 
after stimulation, washed with 1 mM Advasep-7 in EBS for 1 min and then rinsed 
with fresh bath solution for 10 min to remove all surface dye. The presence of 
CNQX and APV in the bath solution reduced further synaptic activity and 
prevented the loss of FM dye from vesicles. The rates of synaptic vesicle exocytosis 
could be estimated by measuring the decrease in fluorescence intensity at boutons 
in response to stimulation as the FM dye departitioned from vesicle membrane 
during exocytosis.
2.5.3 Stimulus independent labelling of synaptic vesicles
In experiments where a stimulus-dependent labelling of synaptic vesicles was 
unsuitable, hippocampal cultures were transfected with synaptophysin I tagged 
with enhanced green fluorescent protein (SypI-EGFP) plasmid at between 8 and 10 
DIV, and used for experimentation at between 12 and 16 DIV. The SypI-EGFP 
construct was made by Alessandra Ferrari in the lab. EGFP was fused to the 
cytosolic, carboxy-terminal of synaptophysin (Pennuto et al., 2002) and its 
expression was driven by the platelet derived growth factor promoter as described 
previously for the chick p-actin gene (Morales et al., 2000).
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2.5.4 Identification of glutamate receptors
Expression of EGFP-tagged glutamate receptors
Hippocampal cultures were transfected with EGFP-GluR2 as described previously. 
The EGFP-GluR2 construct was a kind gift from Dr. Y. Hayashi. EGFP was fused to 
the extracellular, NH 2-terminus of the glutamate receptor 2 subunit (Shi et al., 2001; 
Shi et al., 1999).
Live antibody labelling of glutamate receptors
An alternative method for labelling glutamate receptors by a rabbit antibody 
directed against the extracellular domain of GluRl was also used. In this case 
cultured neurons were incubated with 12.5 pg/ml of anti-GluRl antibody 
(Calbiochem) in culture medium at 37°C for 45 min, washed with fresh culture 
medium, incubated with goat anti-rabbit Cy-2 secondary antibody (1:200 dilution; 
Jackson Immunoresearch) for 30 min, and then washed with fresh culture medium. 
These cultures could then be used in experiments where the pre-synaptic terminals 
were labelled with FM4-64.
2.6 Fluorescence Imaging
2.6.1 Epifluorescence microscopy
An Olympus BX50WI upright microscope was used for both live cell imaging and 
viewing fixed tissue. 4x (0.13NA) air and lOx (0.3NA), 40x (0.8NA) and 60x (0.9NA) 
water immersion objectives were used to view samples. 12-bit images were 
acquired using a Princeton Instruments 1392 x 1040 cooled-CCD camera controlled 
by Metamorph software (Universal Imaging Corp.). Brightfield images were 
acquired with DIC optics. Fluorophores were excited by light from a mercury 
burner lamp. GFP, FM1-43 and Cy-2 fluorescence was viewed using a 475/40 run 
excitation filter, a 505LP dichroic and a 535/45 nm emission filter. FM4-64 was 
viewed using a 535/30 nm excitation filter, a 595LP dichroic and a 645/75 nm 
emission filter.
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2.6.2 Confocal microscopy and FRAP
Imaging
Experiments involving the photobleaching of fluorophores were carried out using a 
confocal laser scanning unit (BioRad Radiance 2100) mounted on a Nikon 
microscope with a 60x 1.0NA dipping objective (Nikon). Excitation was provided 
by a 488 nm argon laser, and 512 x 512 pixel, 8 bit images were collected using 
BioRad Laser Sharp software. FM1-43 fluorescence was collected using a 528/50 nm 
filter set. In experiments requiring simultaneous imaging of EGFP-tagged 
constructs and FM4-64, the emitted light was split by a 560 nm dichroic mirror and 
collected with a 515/30 nm filter for EGFP and a 660 nm LP filter for FM4-64.
Fluorescence recovery after photobleaching
Synapses fluorescently labelled with either FM4-64 or SypI-EGFP were 
photobleached to within -8% of their original fluorescence by repeated localized 
scans of the laser at high power, using the ROI-zoom function of BioRad Laser 
Sharp software. Images were acquired at 0.1 Hz for a brief period before 
photobleaching, and fluorescence recovery monitored for up to 600s after 
photobleaching. In experiments using the fixable analog of FM1-43 to examine the 
ultrastructural nature of vesicle movement, regions of interest were scanned 10 
times at maximum laser power to effectively remove all FM1-43 derived 
photoconversion products.
2.6.3 Image analysis
Metamorph image analysis software was used to analyse fluorescent signals in raw 
unfiltered images.
Puncta movement
Fluorescent puncta movement was quantified using the track objects function; the 
positions of fluorescent puncta along a length of axon were identified in each frame 
of a time-lapse sequence to quantify the average displacement of puncta over time.
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FRAP
Fluorescence signals at individual synapses were quantified by measuring the 
average pixel intensity within a region circumscribing the bouton of interest in both 
FRAP and fluorescence destaining experiments. Values obtained from Metamorph 
were further analysed and displayed graphically using either Excel (Microsoft) or 
Origin (Microcal Software, Inc.).
Kymographs
Kymographs were produced using the 'kymograph7 function in Metamorph. A line 
of 5 pixels width (x-dimension) was drawn along the length of axon (y-dimension). 
The line was analysed by the Metamorph software, and the average value of the 
pixels in the x-dimension displayed for each point along the y-dimension. This 
process was carried out for each time point and the results placed one after another, 
from top to bottom, in order to display the changes in intensity along the line over 
time.
Two-tailed t-tests were used to compare data sets where data was normally 
distributed. Pearson R test was used for correlation analysis. Values in the text 
represent mean ± SEM, unless otherwise stated. Statistical significance was 
considered to have been achieved when P < 0.05.
2.7 Electron Microscopy
2.7.1 Photoconversion of FM1-43
FM1-43FX labelled cultures were fixed with 2% paraformaldehyde/2% 
glutaraldehyde in phosphate-buffered saline (PBS) at room temperature for 15 min 
and then washed with 100 mM glycine in PBS for 1 h followed by 100 mM NFECl 
for 1 min and then rinsed in PBS. Target regions from fluorescence experiments 
were re-identified by transmitted light microscopy with the help of a gridded 
coverslip attached to the underside of the imaging chamber using an Olympus 
BX50WI upright microscope. For photoconversion, cells were pre-incubated in 1
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mg/ml DAB in PBS for 10 min. FM1-43FX was photoconverted by illuminating a 
region of interest with 475/40 nm light from a mercury lamp, with all neutral 
density filters disengaged, for 10-15 mins in the presence of fresh DAB solution. 
Following photoconversion neurons were rinsed with PBS and a series of images at 
4x, lOx and 60x magnifications were acquired, these would be used later to help 
identify the region of interest in EM.
2.7.2 Preparation of neurons for sectioning
Secondary fixation
Aldehyde fixed and photoconverted samples were treated with a 1% osmium 
tetroxide/1.5% potassium ferrocyanide solution for 1 hr, to fix lipids and enhance 
the contrast of membrane staining later. Samples were rinsed with 0.1 M sodium 
cacodylate buffer and stored at 4°C.
Embedding
Samples were stained with a 1% solution of tannic acid in 0.05 M sodium cacodylate 
buffer for 45 min. A 1% solution of anhydrous sodium sulphate in 0.05 M sodium 
cacodylate was used to neutralize the tannic acid. Samples were then rinsed in 
deionised water and dehydrated step-wise with 70%, 90% and 100% ethanol. 
Samples were placed in a 1:1 EPON/propylene oxide mix for 1 hr and then 
transferred into EPON alone for 4 h with one exchange of EPON after 2 h. 
Coverslips were then inverted onto a capsule/block of EPON with the region of 
interest towards the centre of the block. The EPON was allowed to harden 
overnight at 60°C.
Removal of coverslips
Coverslips were removed by a combination of submersion in liquid nitrogen and 
applying pressure to the edge of the coverslip with metal tongs.
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2.7.3 Correlative light and electron microscopy
Once the glass coverslip had been removed, the embedded neurons could be 
viewed using a stereo microscope and a fibre optic illuminator. A composite of 4x, 
lOx and 60x brightfield DIC images of the region of interest, taken after 
photoconversion, was used to locate the region on the EPON block. The region to be 
serial sectioned was then marked out using a scalpel.
2.7.4 Ultrathin Sectioning of Samples
Serial sectioning
EPON blocks were mounted in the microtome and excess resin trimmed using a 
strong blade up to the scalpel marked region. Care was taken that the edges of the 
region were clean and sharp, and that the long edges were parallel for ease of 
alignment with the diamond knife and good ribbon formation when sectioning 
began. The EPON block was then aligned with the edge of the diamond knife and 
sectioned at a rate of 0.8 mm/s. Sections were collected in the water boat attached to 
the knife, stretched with chloroform and placed onto formvar-coated slot grids.
Section contrast staining
Sections were contrast stained by inverting the slot grids onto a drop of lead citrate 
solution for 10 min and washing repeatedly with ultrapure water.
Formvar coating slot grids
Enough formvar solution was added to an open ended separatory funnel such that 
2/3 of the height of a microscope slide, standing in the funnel, was submerged. 
Glass slides were cleaned with a lint-free cloth and dust removed with pressurized 
air. The flow rate of formvar solution through the funnel and the concentration of 
the formvar determined the thickness of the formvar coating on the glass slide. The 
flow rate was adjusted to give silver-gold thickness film. The coated slide was 
allowed to dry for 45 s and the edges were scored with a razor-blade. The slide was 
"frosted" by exhaling heavily on it and the film removed from the slide by
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immediately touching the bottom edge of the slide onto the surface of an overfilled 
staining dish of water and slowly lowering the slide into the bath, perpendicular to 
the water surface. Copper slot grids were gently laid onto the floating film, which 
was picked up using a glass slide with an address label trimmed to the size of the 
slide attached to one side. The slide was placed perpendicular to the water surface 
at one end of the formvar film and pushed into the water again perpendicular to the 
surface, picking up the formvar film on the way as it adhered to the address- 
labelled side of the glass slide. The coated grids were then allowed to dry before 
storage.
2.7.5 Image acquisition
Samples were viewed using a Phillips EM420 electron microscope. Images were 
acquired on film and digitally scanned at 20,000 d.p.i. or with a 1392 x 1040 cooled 
CCD camera (Roper Scientific, Inc.). Target boutons were identified by aligning 
electron micrographs with brightfield DIC images of the same area. Once identified 
target synapses were then found on each section where they appeared and imaged. 
In this way a complete ultrastructural representation of synapse was obtained.
2.7.6 Analysis of electron micrographs
For quantification of vesicle numbers and distribution at synapses, digital images of 
serial sections for each bouton were aligned using multiple membrane and 
organelle landmarks. This and further analysis was carried out using Metamorph 
and XARA (Pantone Inc.) and is described in detail in Chapter 4. Two-tailed t-tests 
were used to compare data sets where data was normally distributed. Kruskal- 
Wallis ANOVA was applied for group comparisons when data did not meet the 
requirements for a parametric ANOVA test. Distributions were compared using 
Kolmogorov-Smimov two-sample test. Values in the text represent mean ± SEM, 
unless otherwise stated. Statistical significance was considered to have been 
achieved when P < 0.05.
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2.7.7 Three dimensional reconstruction of electron micrographs
For serial reconstructions, a digital overlay, marking the positions of vesicles and 
active zones, was generated for each of the aligned sections. Vesicle diameter was 
assumed to be 50 nm, based on the average diameter of the vesicle population. The 
overlays were then stacked in sequence and reconstructed using three-dimensional 
rendering software (Volocity, Improvision), assuming a section depth of 60 nm.
2.8 Collaborations
All the experiments presented in this thesis were carried out by me. However, Dr. 
Kevin Staras provided valuable discussions and collaborations on many of the 
experiments. Dr. Lucy Collinson provided serial sectioning expertise. Dr. Alexandra 
Ferrari supplied organotypic hippocampal slice cultures and SypI-EGFP constructs. 
Lily Yu carried out a blind analysis of synaptic vesicle numbers.
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Chapter 3 1 F lu orescen ce Study of 
Synaptic V esicle  
D ynam ics in  
H ip p ocam p al N eu ron s
3.1 Introduction
Hippocampal neurons form synapses en passant such that axons harbor multiple 
release sites along their length, while individual release sites mediate synaptic 
transmission by the fusion of neurotransmitter containing vesicles in response to 
action potentials. Fast synaptic transmission is sustained by the local endocytic 
retrieval of vesicles back into synapses following exocytosis. Local recycling, by 
lessening the need for new proteins or vesicles, ensures the long-term maintenance 
of function at synapses that sometimes lie at great distances from the cell body 
(Sudhof, 2004). The synapse-specific reuse of vesicles would imply that presynaptic 
compartments function essentially as autonomous vesicle recycling units, which act 
more or less independently of neighbouring release sites in maintaining their 
synaptic vesicle clusters. However, recent work examining the behaviour of 
fluorescently labelled synaptic components, particularly in developing systems, 
suggests that synaptic vesicles may be more mobile than previously thought 
(Ahmari et al., 2000; Hopf et al., 2002; Kraszewski et al., 1995; Krueger et al., 2003). 
Thus far mobile presynaptic proteins and vesicles have been viewed as a means of 
rapid synapse formation (Matteoli et al., 2004) and there has been little investigation 
of the stability of synaptic vesicle clusters in mature systems. In particular, the 
likelihood or extent of synaptic vesicle sharing between mature synapses in 
quiescent networks has not been addressed. The instability of synaptic vesicle 
clusters would call into question the assumption that the synaptic vesicle cycle is 
restricted to individual release sites. This and subsequent chapters investigate the 
stability of vesicle clusters at mature synapses and the implications of the observed
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mobility of recycling pool vesicles on both the function and ultrastructure of 
established, stable synapses.
3.2 Visualizing Hippocampal 
Synapses
Hippocampal neurons grown in culture develop in a stereotyped way to create a 
synaptic network of interconnected neurons (Dotti et al., 1988). The discrete 
localization of presynaptic components and vesicle recycling has been 
demonstrated after as little as 3 days in culture (van den Pol et al., 1998). Following 
12-14 days in culture, the majority of synapses have undergone maturation, and 
show more efficient excitation-secretion coupling than seen in younger cultures as 
well as the discrete postsynaptic apposition of glutamate receptors (Renger et al., 
2001). Figure 3.1a is a DIC image of a neuronal network formed on an astrocyte 
feeder layer. Figure 3.1b illustrates in more detail an individual neuron within the 
network, while in Figure 3.1c the synapses formed onto this cell have been marked 
by loading the vesicles with FM1-43 by field stimulation. The live labelling of 
synapses in culture can also be achieved by transfecting neurons with the cDNA of 
synaptic vesicle-associated proteins fused to EGFP or its variants. In Figure 3.Id 
vesicles have been labelled with both synaptophysin I-EGFP (SypI-EGFP) and FM4- 
64. The observed co-labelling of most synapses implies that the majority of SypI- 
EGFP labelled synapses are functional and that protein over-expression is not 
detrimental to cell health. Whereas these methods concentrate wholly on 
identifying the presynaptic compartment, the simultaneous expression of 
postsynaptic glutamate receptors allows the identification of bona fide synapses as 
shown in Figure 3.1e. Alternatively, fluorescently conjugated antibodies directed 
against the extracellular domain of the GluRl subunit, as in Figure 3.If, can be used 
to identify mature postsynaptic domains. In Figure 3.1e and f the presynaptic 
compartments were identified by the activity-dependent labelling of synaptic 
vesicles with FM4-64. The majority of FM4-64 puncta are co-apposed to glutamate 
receptor-associated fluorescence, indicating that in these cultures most synapses are
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in a mature state. The en passant nature of hippocampal synapses can be seen in the 
images shown in Figure 3.1 where synapses form as beads on a string along an axon 
apposed to a dendrite. These different methods of identifying mature synapses 
avoid the need for post-hoc immunostaining, thus readily permitting the study of 
the dynamic nature of recycling pool vesicles in live neuronal culture preparations 
presented in this thesis.
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Figure 3.1 -  Visualizing synapses of hippocampal neurons
(a) Low magnification brightfield DIC image of hippocampal neurons grown on an astrocyte 
feeder layer, after 14 days in culture. Scale bar 80 pm. (b) Higher magnification brightfield 
DIC image of an individual neuron from a. Scale bar 20 pm. (c) A fluorescence image of the 
neuron in b labelled with FM1-43 using a 600AP 10 Hz stimulus. Scale bar 20 pm. (d) 
Presynaptic boutons labelled with both FM4-64 (red) by field stimulation (600 APs 10 Hz) 
and SypI-EGFP (green) by transfection, Scale bar 10 pm. A higher magnification image 
showing the extent of co-labelling is shown on the right, (e) Fluorescence image of neurons 
transfected with EGFP-GluR2 (green) and subsequently labelled with FM4-64 (red) as in d, 
Scale bar 10 pm. A more detailed image demonstrating the juxtaposition of signal is also 
shown (right), (f) Synapses identified by the live labelling of postsynaptic receptors with anti- 
GluR1 primary antibody and Cy-2 conjugated secondary antibody (green) followed by the 
presynaptic labelling of vesicles with FM4-64 (red), Scale bar 10 pm. A higher magnification 
image detailing the labelling is shown on the right.
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3.3 The Dynamic Nature of Recycling 
Pool Vesicles
The combination of FM dye and live postsynaptic glutamate receptor labelling 
outlined above allows the identification of recycling pool vesicles at mature 
excitatory synapses. Time-lapse imaging of FM dye-labelled vesicles at such 
identified synapses makes it possible to determine the stability of functional vesicle 
clusters at the presynaptic boutons of resting neurons.
3.3.1 Time-lapse imaging of FM dye-labelled vesicles
The axonal movement of fluorescently labelled vesicles
Figure 3.2 shows the synapses of a neuron grown in culture for 14 days. 
Postsynaptic AMPA receptors are labelled with an antibody against the extra­
cellular domain of GluRl, as in Figure 3.1f. The recycling pools of synapses in these 
cultures were labelled by delivering a 600 AP train at 10 Hz in the presence of FM4- 
64. This protocol is believed to access close to 90% of the vesicles in the recycling 
pool (Ryan and Smith, 1995). Excess cell surface dye was removed by repeated 
exchanges of bath solution which contained CNQX and APV in order to reduce 
recurrent synaptic activity and prevent the loss of vesicular FM dye. Imaging was 
carried out ~10 mins after the dye-loading stimulus. At this time the re-endocytosed 
vesicles should have reclustered back at the synapse, given that endocytosed 
vesicles can be re-primed for release within 15 s of re-uptake (Ryan and Smith, 
1995). A sample time-lapse sequence, acquired at 1 frame per 5 s, reveals the 
dynamic nature of recently recycled vesicles with FM4-64 fluorescence being 
transported in both anterograde and retrograde directions along mature axons 
(Figure 3.2a). Kymograph analysis of axonal segements also reveals the movement 
of FM4-64 packets. Stable boutons appear as vertical lines whereas mobile packets 
of fluorescence appear as diagonal lines between these (yellow arrowheads, Figure 
3.2b). Fluorescence movement seems to occur in two modes: a modular or packet­
like exchange is highlighted with yellow arrowheads in Figure 3.2a left panel, while
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the more diffuse fluorescence signal seen to arise between the two synapses in the 
right panel of Figure 3.2a, highlighted with green arrowheads, may represent the 
flux of individual or non-clustered vesicles between synapses. The movement of 
synaptic vesicles was reflected in the changes in fluorescence intensity recorded at 
individual FM4-64 labelled boutons (Figure 3.2c). At the majority of boutons 
examined the positive and negative fluctuations in intensity appeared to 
approximately balance over time. The observed changes in fluorescence at 
individual boutons may reflect the movement of FM4-64 packets through the region 
of interest without them having any actual impact on the synapse itself. Flowever, 
these fluctuations might also reflect the intermittent, but non-synchronized addition 
and loss of labelled vesicles at these synapses. This could suggest that the 
population of vesicles at a synapse may be changing over time while the actual size 
of the vesicle cluster is maintained. The contribution and implications of the 
movement of recycling pool vesicles on stable synapses will be further investigated 
in later sections.
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Figure 3.2  -  In te r-b o u to n  movement of vesicles
(ai) Merge, FM4-64 labelled synapses (red) co-apposed to postsynaptic antibody-labelled 
glutamate receptors (green), as in Figure 3.1f. Yellow arrowheads in time-lapse sequence 
highlight the transfer of a fluorescent packet between two mature synapses, (aii) A second 
time-lapse sequence of the same boutons shows a more diffuse spread of FM4-64 derived 
fluorescence signal (green arrowheads) between two mature synapses. Scale bars, 2.5 pm. 
(b) Kymograph of an axon containing FM4-64 labelled boutons, detailing fluorescence 
movement between boutons over time. Mobile packets appear as diagonal lines whose 
slopes are related to their velocity (yellow arrowheads). Scale bar, 5 pm. (c) Typical sample 
traces of the temporal fluctuations in FM4-64 fluorescence intensity (normalized to the first 
five points in the sequence) at six individual boutons.
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Relationship between extent of recycling pool labelling and movement
In order to assess the contribution of different vesicle pools to the mobile 
population of vesicles, the number of action potentials delivered to neurons by field 
stimulation was reduced so as to label the readily releasable pool at synapses. 
Neurons were stimulated with a 40AP train at 20Hz in the presence of FM1-43, a 
condition which has been used previously to label the readily releasable pool in the 
same preparation (Murthy and Stevens, 1999; Rosenmund and Stevens, 1996). 
Sample time-lapse images from a minimally loaded culture are shown in Figure 
3.3a. Orange arrowheads indicate the movement of fluorescent packets between 
synapses. The fluorescence intensity of labelled synapses was considerably lower in 
these cultures as would be expected. In order to visualize and display the exchange 
of fluorescent packets between synapses, the digital contrast was adjusted 
accordingly. At the end of imaging the neurons were stimulated to destain the 
labelled vesicles. The same cultures were once more loaded with FM1-43 by a 600 
AP 10 Hz stimulation to label the recycling pool. Figure 3.3b shows a time-lapse 
sequence of images from a different region of the same culture used in Figure 3.3a. 
Yellow arrowheads indicate the movement of vesicles between synapses. These 
results suggest that the readily releasable vesicles that are preferentially used in 
exocytosis (Pyle et al., 2000), can also contribute to the mobile population of 
recycling pool vesicles seen in the same neurons.
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Figure 3.3- Differential vesicle pool labelling and movement
(a) A time-lapse sequence of a neuron labelled with FM1-43 using a minimal loading 
protocol of 40 APs at 20 Hz. Inter-bouton fluorescence movements are highlighted by yellow 
arrowheads. A stimulus was applied at the end of time-lapse imaging to destain the labelled 
vesicles, (b) A time-lapse sequence from a different region of the same neuron, re-labelled 
with FM1-43 by 600 AP 10 Hz stimulation. The movement of fluorescence between boutons 
is marked with yellow arrowheads. Images in a were scaled differently to those in b in order 
to visualize fluorescence movement in the minimally loaded neurons. Scale bar, 5 pm.
3.3.2 Jasplakinolide inhibits vesicle transport
In order to demonstrate that the observed vesicle movement is an active, transport- 
dependent process, the neurons were treated with the actin stabilizing agent 
jasplakinolide, a known inhibitor of fast axonal transport (Hiruma et al., 2003). The 
effects of 1 pM jasplakinolide were assessed by imaging the same regions of FM1-43 
labelled cultures before and after treatment with the inhibitor. Figure 3.4a shows 
the dynamic nature of FM-labelled vesicles under control conditions with 
fluorescence passing along the region of axon denoted by the blue bar. The cultures 
were then treated with jasplakinolide for 15 mins and the same region imaged once 
more. Jasplakinolide noticeably blocked the movement of vesicles along the same
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region of axon (blue bar, Figure 3.4b). Figure 3.4c summarizes the data from three 
experiments where the distance travelled by fluorescent packets from their point of 
origin was measured before (black) and after (red) the application of jasplakinolide. 
It is clear from this analysis that jasplakinolide severely inhibited the movement of 
FM4-64 fluorescence along axons. While jasplakinolide prevented the inter-synaptic 
movement of vesicles, the synapses of treated cultures were still functional as 
assessed by their ability to exocytically release FM1-43 in response to stimulation. 
Figure 3.4d shows the relative FM fluorescence intensity at boutons undergoing 
stimulation from cultures treated for 15 mins with jasplakinolide or DMSO as a 
control. The rate of dye loss is comparable between the two conditions, indicating 
that the release apparatus at jasplakinolide treated neurons remains functional and 
that vesicle mobilization within boutons at this particular stimulus frequency is not 
impaired by jasplakinolide treatment.
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Figure 3.4 -  Jasplakinolide inhibits axonal transport
(a) A sequence of time-lapse images from FM1-43 labelled neurons. Movement of 
fluorescence along the region of axon marked with the blue bar is highlighted with a yellow 
arrowhead, (b) Time-lapse images from the same region as a, following a 10 min treatment 
with jasplakinolide (1 pM). There is no evidence of fluorescence movement along the region 
of axon marked by the blue bar. Scale bars, 5 pm. (c) A summary of the distance moved by 
fluorescence packets before and after jasplakinolide treatment, (d) A comparison of the 
time-course of FM1-43 fluorescence destaining for untreated and jasplakinolide-treated 
cultures. Data are mean ± s.e.m.
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3.4 Stable Incorporation of Non-native 
Recycling Pool Vesicles
Time-lapse imaging of neurons whose vesicles have been labelled with FM dye has 
so far revealed the actin-dependent movement of recycling pool vesicles along 
axons containing mature synapses. It was not clear whether these mobile vesicles 
could contribute to the vesicle clusters at synapses or whether they are a mobile 
subset of the vesicle population that have little relevance to the general function of 
synapses or neurons. To further address the nature of vesicle movement, its 
contribution to other synapses and its relevance to synapse function, FRAP was 
employed.
3.4.1 FRAP of FM4-64 at mature synapses
In these experiments hippocampal neurons were transfected with EGFP-GluR2 and 
the recycling pool of vesicles labelled with FM4-64. Mature synapses in DIV 12-16 
cultures were identified as those where EGFP-GluR2 fluorescence was juxtaposed 
to that of FM4-64. Individual synapses were photobleached to within 8% of their 
original fluorescence intensity and monitored by time-lapse fluorescence (Figure 
3.5). If indeed the mobile population of vesicles could contribute to the vesicle 
cluster at synapses, a recovery in fluorescence would be expected at these 
photobleached boutons. FM4-64 fluorescence was seen moving in both directions 
through the bleached portion of axon, and over time accumulated at the site of the 
photobleached synapse (yellow arrowhead Figure 3.5a). On average the FRAP 
signal at photobleached synapses was 22 ± 4% (mean ± sem) after 560 s. This 
synapse specific fluorescence recovery provides strong evidence that vesicles 
arising from sites of endocytosis outside the bleach region can move along the axon 
to become stably incorporated at non-native synapses. To confirm that axonal 
transport is required for the observed FRAP signal, cultures were treated with 1 pM 
jasplakinolide for 15 mins, to inhibit vesicle movement, prior to the photobleaching 
of synapses labelled with both EGFP-GluR2 and FM4-64 (see section 3.3.2). Little
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FM4-64 fluorescence movement along the axon was observed and no FRAP signal 
accumulated at the site of the photobleached bouton, reflecting the requirement for 
the axonal transport of vesicles in the observed recovery (Figure 3.5b). Figure 3.6a 
summarizes the time-course of FM4-64 fluorescence recovery at photobleached 
boutons in untreated and DMSO treated cultures (red) and jasplakinolide treated 
cultures (blue). Fluorescence recovery was not significantly different between 
DMSO and untreated samples (f-test, 100 s post-FRAP: P = 0.75, untreated: n = 6, 13 
± 3%; DMSO: n = 3, 14 ± 2%; 500 s post-FRAP: P = 0.57, untreated; 23 ± 4%; DMSO: 
18 ± 7%), and these groups were pooled.
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Figure 3.5 -  FRAP of FM4-64 at mature synapses
(a) FRAP time-lapse images from FM4-64 and EGFP-GluR2 labelled hippocampal neurons. 
After photobleaching (yellow box), FM4-64 fluorescence recovers over time at the site of the 
bleached synapse (yellow arrowhead). Green arrows denote the fast axonal flux of 
fluorescence through the photobleach region. Scale bar, 2 pm. (b) FRAP time-lapse images 
of neurons as in a, following treatment with jasplakinolide (1 pM). There was little FM4-64 
fluorescence recovery at the site of the photobleached synapse (yellow arrowhead). Scale 
bar, 2 pm.
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The initial fast rise in fluorescence seen at untreated photobleached boutons in the 
first 70 s is due to a rapid, non-localized, in-filling of FM4-64 fluorescence along the 
axon, which is mediated most probably by fast axonal transport. This can be 
inferred from the sample time-lapse images shown in Figure 3.5a, highlighted with 
green arrows. However, to quantify this phenomenon, the initial fluorescence 
intensity changes at the bouton and in the axonal segments within the photobleach 
region adjacent to the target bouton were measured. Figure 3.6b shows the recovery 
curve for the axonal regions scaled to the fluorescence in target boutons to illustrate 
the contribution of this early fast flux of fluorescence to total recovery in the bouton. 
The initial phase of recovery for axonal and bouton regions (yellow shading Figure 
3.6b) is similar, and at 70 s post bleach, the fast axonal recovery accounts for ~75% 
of the total recovery at photobleached boutons. After this time point, axonal regions 
show no further accumulation of fluorescence, while target boutons continue to 
recover, reflecting the stable incorporation of vesicles at synapses. The fluorescence 
recovery observed in Figure 3.5a can also be visualized by kymograph analysis of 
the bouton and surrounding axonal regions (Figure 3.7a). The total integrated 
fluorescence within the region of interest does not change significantly over time in 
spite of imaging-related photobleaching (Figure 3.7b). This suggests a small net 
gain of fluorescence within the region, which could be explained if vesicle sharing 
were to occur over a longer range rather than simply between adjacent synapses. 
The relatively slow acquisition rate (1 frame per 10 s), primarily designed to record 
fluorescence recovery over long periods of time, does not allow the rapid 
movements of small vesicle clusters to be monitored. Figure 3.7c is an example 
kymograph of a region of photobleached axon imaged at 1 frame per second for 60
s. The fluorescence recovery observed here should correspond to the early
component of recovery seen in the plot in Figure 3.6b. With this rate of acquisition, 
it is possible to track the movement of small fluorescent particles through 
consecutive frames, seen in the kymograph as continuous diagonal lines capable of 
moving across the width of the photobleached region within 10 s. This data further 
supports the idea that the fast axonal flux of fluorescently labelled vesicles
contributes to the early phase of recovery.
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Figure 3.6 -  Analysis of vesicle incorporation
(a) Average FRAP time-course of untreated (red triangle, n = 9) and jasplakinolide-treated 
cultures (blue triangle, n = 8). Boutons were photobleached to an average of 8.1 ± 1.1% of 
original fluorescence for untreated cultures and 7.7 ± 1.5% for jasplakinolide treated 
cultures. The data is normalized to the extent of bleach to illustrate clearly the degree of 
recovery. Data are mean ± s.e.m. (b) Fluorescence recovery curve for photobleached 
boutons (red triangles) and axonal segments adjacent to target boutons (green triangles) 
from the dataset in a. Both traces are scaled to the pre-photobleach fluorescence in target 
boutons to show the contribution of fast axonal flux to the total fluorescence recovery 
observed in the synapse. The initial phase of recovery (0-70 s) for axonal and bouton 
regions are highlighted with a yellow box. Data are mean ± s.e.m.
The relationship between FRAP and neighbouring boutons
The fluorescence recovery observed at photobleached synapses is consistent with 
the movement of FM4-64 from other synapses along the axon. As such, the distance 
between targeted photobleached boutons and their nearest fluorescently labelled 
neighbour would be expected to influence the FRAP signal. In experiments 
comparing the fluorescence recovery in jasplakinolide treated and untreated 
samples, all targeted synapses were within 7 pm of a neighbouring synapse. Over 
this range there was no correlation between the extent of fluorescence recovery and 
the distance to non-photobleached nearest-neighbour (Pearson R test, n = 11, r = - 
0.35, P = 0.289). However, when targeted synapses were located at greater distances 
from potential sources of fluorescence there was a significant negative correlation
80
between recovery of fluorescence and distance to nearest neighbour as shown in 
Figure 3.8a (Pearson R test, n = 16, r = -0.70, P = 0.003).
While the distance of the targeted bouton to its nearest neighbour is an important 
factor in the extent of fluorescence recovery, the range over which vesicles are 
exchanged locally between synapses is unclear. If vesicle exchange occurred over a 
short range between near neighbours then the mobilization of photobleached 
vesicles from the target bouton and their subsequent incorporation into the 
neighbouring boutons would have a negative impact on the fluorescence at that 
synapse. An analysis of the fluorescence intensity changes over time at boutons 
neighbouring the targeted photobleached boutons in untreated and jasplakinolide- 
treated cultures was carried out and is summarized in Figure 3.8b. In both cases an 
approximately linear imaging-related decrease in fluorescence is observed at 
neighbouring boutons. There is some evidence for a small additional decrease in 
fluorescence at neighbouring boutons in untreated cultures compared to 
jasplakinolide-treated cultures. This may represent the displacement of FM-labelled, 
host recycling pool vesicles by photobleached vesicles originating from target 
boutons. Nevertheless, the small size of this effect would indicate that vesicles 
arising from individual release sites are most likely distributed across multiple 
synapses. Indeed, fluorescent packets were seen to travel up to 14 pm from their 
origin over the time-course of imaging in earlier experiments (Figure 3.4c). 
Therefore any impact of photobleaching the recycling vesicle pool at a single 
bouton is likely to be only weakly apparent in the fluorescence intensity of other 
boutons within the neighbourhood.
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Figure 3.7- Kymograph plots of FM FRAP
(a) Kymograph of the region of axon, including the photobleached bouton and its neighbours 
(see schematic) from Figure 3.5a. Images were acquired at 0.1 Hz and demonstrate the 
temporal accumulation of fluorescence at the target synapse (green arrow), (b) A time- 
course of the integrated fluorescence of the line of interest from the kymograph in a. (c) A 
kymograph of a region of photobleached axon in an FM1-43 labelled neuron imaged at 1 Hz. 
The movement of small fluorescent packets along the axon through consecutive frames is 
seen in the kymograph as continuous diagonal lines (arrowheads). Scale bars, 2 ^m
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Figure 3.8- Relationship between FRAP and neighbouring boutons
(a) A comparison of FRAP signal at synapses at 600s post-bleach as a function of their 
distance to the nearest non-photobleached neighbour. There was a significant negative 
correlation between the extent of FRAP and distance to nearest neighbour over a 50 pm 
range (Pearson R test, n = 16, r = -0.70, P -  0.003) (b) Fluorescence intensity 
measurements for photobleached synapses, and those immediately adjacent to them 
outside the photobleach region from the dataset used in Figure 3.6a. Note, for comparative 
purposes, bleached synapses are not normalized to the extent of bleach as in Figure 3.6a.
3.4.2 Imported vesicles join the recycling pool of synapses
The data so far suggests that vesicles recycled at a given synapse can depart from 
the vesicle cluster and move along the axon to become stably incorporated at 
another synapse. However, it is not clear whether these newly imported vesicles 
contribute functionally to host synapses. To test this, mature synapses were 
photobleached as before (Figure 3.5) and images acquired immediately after 
photobleaching and again 900 s later to assess the extent of recovery. FRAP was not 
monitored by time-lapse imaging so as to minimize the loss of fluorescence signal. 
After the recovery period, a destaining stimulus of 1200 APs at 20 Hz was applied 
and the change in fluorescence at recovered and neighbouring non-photobleached 
synapses was recorded at a rate of 1 frame every 2 s (Figure 3.9a). The kinetics of 
dye loss, a measure of the rate of exocytosis, from both populations of boutons is 
presented in Figure 3.9b. Data was normalized to the initial fluorescence values and
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to the extent of dye loss at the boutons. The rate of destaining was similar at 
photobleached-recovered boutons and neighbouring control boutons, indicating 
that newly imported vesicles are capable of entering the recycling pool of non­
native synapses and when they do so they are functionally indistinguishable from 
native vesicles. In Figure 3.9c the same data is displayed, this time normalized to 
the initial fluorescence intensity before the onset of stimulation. At the end of the 
destaining stimulus there was 18% more residual fluorescence at photobleached 
boutons compared to non-photobleached boutons. This residual fluorescence may 
represent the most recently incorporated vesicles that have yet to mature into a 
release-ready state, similar to the temporal delay in the re-priming of vesicles 
following endocytosis (Klingauf et al., 1998). Figure 3.9d demonstrates that at some 
photobleached boutons the FRAP signal destains to a similar extent as 
neighbouring non-photobleached control boutons. This supports the possibility that 
the variability in the extent of destaining of newly imported vesicles might relate to 
their time spent at the host synapse before the onset of stimulation, rather than the 
inability of the synapse to competently release vesicles upon stimulation due to 
phototoxicity. Further experiments to confirm the non-toxic effects of 
photobleaching on synapse function are shown in later sections (see section 4.3.3).
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Figure 3.9 -  Incorporated vesicles enter the recycling pool
(a) FM4-64 signal (red) is coapposed to EGFP-GluR2 (green), top panel. After 
photobleaching (yellow box), FM4-64 fluorescence recovers over time and is seen as a 
stably-localized signal at the site of the synapse after ~900 s (yellow arrowhead). Following 
stimulation, the recovered fluorescence at the photobleached bouton destains, (b) Average 
time-course of FM4-64 fluorescence during stimulation, normalized to total fluorescence 
lost, reveals similar destaining kinetics for recovered (red triangle, r =  22.0 ± 1.2, n = 7) and 
non-bleached boutons (blue triangle, r=  18.5 ± 0.9, n = 35). (c) Average time-course of 
FM4-64 fluorescence during stimulation, normalized to the initial fluorescence intensity, (d) 
The time-course of FM4-64 fluorescence destaining at a single recovered bouton compared 
to the average fluorescence intensity change of neighbouring non-photobleached boutons. 
Data are shown as mean ± s.e.m. Scale bar, 2 fim
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3.5 Neuronal Stimulation and Vesicle 
Movement
The labelling of vesicles with Fm dye involves the massive exocytic release of 
neurotransmitter. Experiments were carried out in the presence of glutamate 
receptor blockers CNQX and APV, which would rule out the effects of any 
postsynaptically-derived plasticity events on the observed movement and 
incorporation of vesicles at non-native synapses. However, the multiple rounds of 
exocytosis and vesicle cluster re-organization associated with the vesicle labelling 
protocol may contribute to the observed movement and incorporation of recycling 
pool vesicles. To assess the effects of the dye-loading stimulation on the FRAP 
signal, vesicles were fluorescently labelled with SypI-EGFP, an activity- 
independent label of synaptic vesicles. The visualization of vesicles in this way 
allowed for their observation in stimulated and non-stimulated conditions.
3.5.1 Dual labelling of vesicles with FM4-64 and SypI-EGFP
Given that SypI-EGFP would label all synaptic vesicles at the synapse, while FM4- 
64 labels only those in the recycling pool, it was necessary to confirm that SypI- 
EGFP labelled vesicles behaved in a similar manner to FM4-64 labelled vesicles. The 
synapses formed by neurons transfected with SypI-EGFP were labelled with FM4- 
64 using a 600 AP 10 Hz load protocol (Figure 3.10a). The majority of SypI-EGFP 
positive terminals took up the FM4-64. From time-lapse images, EGFP signal was 
observed moving with FM4-64 fluorescence, indicating that the same mobile 
population of vesicles could be labelled with both fluorophores. There was also 
evidence for the movement of non-FM associated EGFP fluorescence along axons. 
As the excitation peaks for EGFP and FM4-64 are 498 nm and 506 nm respectively, 
it was possible to photobleach both signals at targeted boutons at the same time. 
Given that the emission spectra for these fluorophores are quite different, with 
peaks at 516 nm for EGFP and 751 nm for FM4-64, the fluorescence recovery of the 
two signals were monitored simultaneously with the appropriate filter settings
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(Figure 3.10a). The time-course of fluorescence recovery is summarized in Figure 
3.10b. While the fluorescence intensity of EGFP was greater than that of FM4-64, the 
extent of fluorescence recovery observed for both fluorophores was similar. This 
similarity validates the use of SypI-EGFP as a marker of vesicles to report the 
phenomenon of the inter-bouton exchange of vesicles. The activity-independent 
labelling of vesicles allowed the effect of the dye-loading stimulation on vesicle 
mobilization and incorporation to be studied.
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Figure 3.10 -  FRAP of EGFP-Sypl and FM4-64 labelled vesicles
(a) SypI-EGFP (green) and FM4-64 (red) fluorescence signals at co-labelled synapses 
show a similar recovery following photobleaching (yellow boxes). Yellow arrowheads 
highlight the movement and recovery of signal for both fluorophores. Scale bar, 2 pm. (b) 
Average FRAP time-course, normalized to the extent of bleach, for SypI-EGFP and FM4-64  
in co-labelled synapses (n = 8). Data are shown as mean ± s.e.m.
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3.5.2 FM dye loading stimulus does not affect FRAP
The fluorescence recovery of photobleached SypI-EGFP-positive boutons was 
measured in unstimulated, quiescent cultures and in others, 10 mins after a 600 AP 
10 Hz stimulation. The 10 minute wait period mimicked the time taken to wash out 
FM dye in previous experiments. In both cases a recovery of fluorescence was 
observed, and the FRAP curves from both conditions are shown in Figure 3.11. The 
similarity in the rates and extents of fluorescence recovery demonstrates that vesicle 
turnover induced by the FM loading protocol had no observable effect on the 
movement of vesicles or the level of their incorporation into synapses.
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Figure 3.11 FM loading protocol does not influence vesicle incorporation
Average FRAP time-course of SypI-EGFP in synapses, unstimulated cultures and those 
stimulated with 600APs at 10 Hz before photobleaching, (n = 15 for both). Recovery curves 
are normalized to the extent of bleach. Data are shown as mean ± s.e.m.
3.6 Movement of Recycling Vesicles in 
Organotypic Hippocampal Slices
The movement of vesicles between the synapses of dissociated neurons grown in 
culture has been established using two different methods of vesicle labelling: FM4- 
64 or SypI-EGFP. One concern however, is that as the natural environment of the 
neurons is not preserved in dissociated neuronal cultures the results obtained here 
may be to some extent a product of this artificial system. Organotypic hippocampal 
slices provide a situation where the cyto-architecture of tissue is maintained to 
some degree, and yet the neurons are accessible for imaging with conventional 
epifluorescence and confocal microscopy (Gahwiler et al., 1997). The synaptic 
vesicles of neurons in organotypic hippocampal slices were labelled with FM1-43, 
and the behaviour of these newly recycled vesicles studied.
3.6.1 Observing vesicle movement in organotypic hippocampal 
slices
Organotypic hippocampal slices were prepared from P7 rats and maintained for up 
to 20 days by Alessandra Ferrari. Experiments were carried out after 15-20 days. 
Recycling pool vesicles of neurons were labelled by bathing the slices in a EBS 
containing 50 mM potassium and 10 pM FM1-43 for 2 minutess. Slices were then 
washed with EBS containing Advasep-7 for 5 minutes and for a further 20 minutes 
with fresh EBS. Fluorescence imaging of neuronal processes close to the surface of 
the slice revealed individual FM1-43 positive puncta distributed along these 
processes. Other seemingly non-process associated fluorescent puncta presumably 
belonged to axons lying out of the plane of focus (Figure 3.12a). Time-lapse imaging 
demonstrated the movement of small packets of FM1-43 fluorescence along 
processes between larger more stable fluorescent boutons (see yellow arrows Figure 
3.12b). The FM dye represented fusion competent vesicles at presynaptic terminals, 
as bathing the slices with a solution containing 50 mM potassium induced 
destaining. The final two panels of the image sequence in Figure 3.12b show the
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destaining of FM1-43 positive boutons in hippocampal slice culture in an example 
experiment.
3.6.2 FRAP of FM1-43 in organotypic slices
The results presented in the previous section report the mobility of newly recycled 
synaptic vesicles, as labelled with FM1-43 dye, in organotypic slices. These vesicles 
are capable of moving along axons in a manner similar to vesicles in dissociated 
hippocampal neurons. To continue the characterization of vesicle mobility in 
organotypic slices, the ability of these mobile recycling pool vesicles to stably 
incorporate into non-native synapses was assessed by FRAP as in dissociated 
hippocampal neurons (section 3.4.1). FM1-43 dye was loaded into the presynaptic 
terminals of organotypic slices with a high potassium solution as before. 
Fluorescently labelled boutons along neuronal processes were photobleached and 
images acquired immediately after bleaching and again 10 minutes later to assess 
the degree of recovery (Figure 3.12c). After this time a recovery in fluorescence was 
observed at the target boutons, an example of which is shown in Figure 3.12c, 
marked with a yellow arrow. The FRAP signal observed in organotypic slices, 
which was comparable to that seen at photobleached boutons in dissociated 
cultures, confirms that the dynamic nature of recycling pool vesicles is not a 
phenomenon restricted to dissociated cell culture systems. It was not feasible 
however, to carry out all experiments in organotypic slices due to imaging related 
issues such as high background fluorescence signal and restrictions in focal plane. 
In addition, technical problems with transfection and antibody penetration in slice 
culture preparations made the confirmation of the maturation state of boutons 
difficult.
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Figure 3.12 -  Vesicle movement in organotypic slice cultures
(a) Low magnification image of an organotypic slice culture labelled with FM1-43 using 
hyperkalemic stimulation (50 mM K+), following multiple washes with Advasep-7. Scale bar, 
10 pm (b) A time-lapse sequence of the box region in a. The movement of fluorescent 
material between larger FM1-43 puncta is highlighted by yellow arrowheads. Further 
stimulation with a 50 mM potassium solution resulted in the loss of fluorescence from 
boutons and the time-course of fluorescence loss is summarized in the plot on the right. 
Scale bar, 5 pm (c) Axon in an organotypic slice containing FM1-43 positive boutons. 
Following photobleaching and a recovery of fluorescence was observed back into the site of 
the targeted bouton (yellow arrow). Scale bar, 5 pm.
3.7 Discussion
Synaptic vesicles in presynaptic compartments are organized in relatively discrete 
clusters, as demonstrated by early ultrastructural analysis of synapses in central 
and peripheral neurons (Heuser and Reese, 1973; Palay, 1956; Palay and Palade, 
1955) and in more recent studies of hippocampal synapses (Harris and Sultan, 1995; 
Schikorski and Stevens, 1997). The identification and characterization of proteins 
present at presynaptic terminals has forwarded a framework for the molecular basis 
of vesicle clustering (Murthy and De Camilli, 2003). In this chapter, time-lapse 
imaging of mature synapses, in which vesicles had been labelled with FM4-64, 
revealed the mobile nature of recycling pool vesicles with packets of FM- 
fluorescence seen to move along axons between established synapses (Figure 3.2a). 
The observation that vesicles arising from mature presynaptic boutons move within 
neurons calls into question the assumed stability of presynaptic vesicle clusters.
In a number of experiments the readily releasable pool of vesicles was labelled with 
FM1-43 using a minimal stimulation protocol described previously (Murthy and 
Stevens, 1999). While the fluorescence signal in these experiments was weaker, it 
was possible to observe the movement of fluorescent material along the axons of 
these neurons in a manner similar to that seen in neurons labelled with maximal 
stimulation protocol. It is thought that the vesicles labelled with this minimal 
stimulus are preferentially reused in subsequent rounds of release (Pyle et al., 2000) 
and that they are either docked at or located close to the active zone (Schikorski and 
Stevens, 2001; Sudhof, 2000). The observation of vesicle movement in these 
conditions would indicate that vesicles from both the readily releasable and reserve 
pools are capable of moving away from the vesicle cluster, with probably only the 
vesicles tethered at the active zone not having the opportunity to exit the vesicle 
cluster laterally unless they were to become undocked (Murthy and Stevens, 1999). 
However, a study using synaptopHluorin-expressing hippocampal neurons 
suggests that vesicles released following a brief 40AP stimulus enter the reserve 
pool before gaining access to the releasable pool (Li et al., 2005). Taking this data
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into account it is not possible to be certain that all of the vesicles labelled by the 40 
AP stimulation in experiments in this chapter were part of the preferentially reused, 
readily releasable pool of vesicles. As such, while these results suggest that vesicles 
close to the active zone can exit the vesicle cluster in the manner described above, 
the evidence presented here is not conclusive.
The axonal transport of vesicles involves both the microtuble and actin cytoskelton 
as well as their associated motor proteins (Brady et al., 1984; Goode et al., 2000). 
Stabilization of the actin cytoskeleton has been shown to inhibit fast axonal 
transport in hippocampal neurons (Hiruma et al., 2003). It is thought that the 
polymerizing actions of jasplakinolide may lead to the formation of actin aggregates 
in axons which disrupt the transfer of cargo along and between the different 
elements of the cytoskeleton responsible for transport (Goode et al., 2000). In this 
chapter the treatment of neuronal cultures with jasplakinolide for 15 minutes 
caused a profound inhibition in the axonal movement of recycling pool vesicles 
labelled with FM1-43 (Figure 3.4a). The effect of jasplakinolide on vesicle movement 
was quantified by measuring the displacement of small units of fluorescence over 
time from their fluorescent puncta of origin which were usually larger and more 
stable (Figure 3.4c). It was difficult to track fluorescent packets over long distances 
as they frequently left the plane of focus or encountered other stable puncta. When 
a mobile packet was seen to pass though a more stable puncta, one could not be 
sure that the vesicles that exited were the same as those that had entered. However, 
the inhibition of the axonal transport was so profound that it was possible to 
observe and quantify its effect even with the shortcomings of this technique. 
Jasplakinolide-treated neurons were still capable of exocytosis as assessed by the 
destaining of FM dye from boutons upon stimulation (Figure 3.4d). The ability of 
neurons to respond to stimulation demonstrates their overall health following 
jasplakinolide treatment. However, the fact that the effect of jasplakinolide on 
axonal transport is irreversible would imply that it would eventually kill the 
neurons (Hiruma et al., 2003). This result also indicates that while the stabilization 
and/or polymerization of actin filaments inhibits the inter-bouton movement of
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vesicles, possibly through the disruption of the cytoskeletal tracks used by the 
motor proteins, it does not affect the mobilization of vesicles within the presynaptic 
terminal during exocytosis, in agreement with previous work (Sankaranarayanan et 
al., 2003).
In order to establish that mobilized vesicles can become incorporated into non­
native vesicle clusters and contribute functionally to these synapses, FRAP was 
carried out on individual mature FM dye-labelled boutons (Figure 3.5a). The 
observed axonal movement of FM4-64 fluorescence and the FRAP signal indicate 
that mobile vesicles originating from the recycling pool of synapses can contribute 
significantly to the vesicle clusters of other synapses. The persistent recovery of 
fluorescence in the axonal regions surrounding the photobleached bouton 
highlights the constitutive nature of vesicle movement (Figure 3.5b). This recovery 
represents the constant trafficking of fluorescently labelled vesicles through the 
photobleached region. A proportion of these vesicles become incorporated at the 
site of the photobleached synapse accumulating over time and giving rise to the 
observed FRAP signal at the bouton. As would be expected, the inhibition of axonal 
transport by jasplakinolide prevented a recovery in fluorescence following 
photobleaching. The results in Figure 3.8a illustrate the requirement for 
neighbouring non-photobleached synapses to act as a source of fluorescent vesicles 
for the FRAP signal in target boutons. While the proximity of a bouton to its closest 
source of fluorescence has an impact on the FRAP signal, the nearest neighbouring 
synapses are apparently not the only source of vesicles for the photobleached 
synapses (Figure 3.8b). If there were a preferential exchange of vesicles between 
neighbouring synapses then a more rapid decline in fluorescence would be 
expected at the nearest-neighbour synapses as mobilized fluorescent vesicles were 
replaced by photobleached vesicles from the target bouton. However, the decline of 
fluorescence at neighbouring non-photobleached synapses was similar in 
jasplakinolide-treated and untreated samples and was probably due to an imaging 
related photobleaching of signal. There was no evidence for a fast early reduction in 
signal which would correspond to the initial phase of recovery seen in
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photobleached boutons (Figure 3.6b). Presumably, the axonal flux of photobleached 
vesicles out of the region of interest would only have a very transient effect on the 
overall fluorescence of the neighbouring bouton, since it need not necessarily 
localize at the synapse and therefore might not be detected by the relatively slow 
rate of image acquisition (0.1 Hz). Indeed, it seems from general observations in 
time-lapse studies that rather than vesicles being shuttled locally between 
neighbouring synapses, vesicles have a greater and variable range of movement up 
and down along the axon. The range across which the vesicles from one particular 
synapse can be distributed is not clear and warrants further study.
In neurons whose synapses had been labelled with both SypI-EGFP and FM4-64 the 
intensity of the EGFP signal at synapses was greater than that of FM4-64. This 
presumably relates to differences in the fluorescence quantum yield of each 
fluorophore and the fact that transfection will likely label the majority of vesicles 
while FM dye will only label the recycling pool. In synapses labelled with both 
SypI-EGFP and FM4-64 using a stimulus protocol to load the recycling pool, the 
extent of FRAP for both fluorophores was similar (Figure 3.10). These results 
suggest that non-recycling or resting pool vesicles are also mobilized from synapses. 
If vesicle movement were restricted solely to the recycling pool, then the 
proportional recovery of SypI-EGFP would be expected to be smaller than that of 
FM4-64.
The similar FRAP curves obtained at SypI-EGFP labelled boutons in both 
stimulated and unstimulated cultures (Figure 3.11) would suggest that the 
mobilization of synaptic vesicles during exocytosis has no long-term impact on the 
incorporation of non-native vesicles into synapses. There was no discernable 
difference in the amount of SypI-EGFP being trafficked in the axons of stimulated 
and unstimulated neurons, suggesting that the lateral departure of vesicles from the 
presynaptic cluster was not affected by this stimulation protocol. It has been shown 
previously that presynaptic proteins display greater mobility upon stimulation. The 
dispersion of EGFP tagged synapsin along axons and its subsequent reclustering at 
synapses (Chi et al., 2001) and a similar dispersal and reclustering of EGFP tagged
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VAMP (Li and Murthy, 2001), though in this case along the surface of the axon, 
following vesicle exocytosis has been described. SypI-EGFP demonstrated a similar 
behaviour in response to stimulation as VAMP-EGFP in the study by Li et al. 
However, the time constant for reclustering for both synaptophysin and VAMP was 
close to 115 s while in this chapter FRAP experiments were carried out ~10 mins 
after stimulation. This rules out any effect of the activity-dependent dispersal of 
synaptic components on the observed fluorescence recovery.
The majority of the experiments so far in this chapter, and in subsequent chapters 
are carried out using dissociated hippocampal neurons grown in culture. To test for 
this phenomenon in a more intact preparation, similar experiments were carried out 
in organotypic hippocampal slices. This system, where the organization and 
connectivity of the hippocampus remains largely intact, has been used previously to 
study the stability of presynaptic terminals over time by culturing hippocampal 
slices from mice expressing SypI-EGFP under the Thy 1 promoter (De Paola et al., 
2003). In this chapter, synaptic vesicles were labelled with FM1-43, and fluorescence 
movements similar to those seen in cell culture-based experiments were observed 
(Figure 3.11). FRAP studies also revealed the incorporation of non-native vesicles 
into the synaptic boutons of these slices. Attempts were made to carry out FRAP 
experiments in acute hippocampal slices. There was some evidence of fluorescence 
recovery in photobleached synapses labelled with FM1-43. However, due to the 
high level of background and an inability to completely remove FM1-43 from the 
tissue surrounding the neurons, it was impossible to determine whether the 
recovery did indeed come from the intracellular transport of vesicles or from the 
diffusion of excess FM1-43 along the surface of the neurons.
This chapter makes use of multiple fluorescence-based synapse labelling methods 
to characterize the mobility of recycling pool vesicles in mature neurons. While it is 
implicit from these studies that FM-fluorescence relates to synaptic vesicles, the 
nature of these mobile fluorescence units is not clear. The contribution of some 
endosomal intermediates can not be ruled out from these fluorescence studies. FM 
dye destaining experiments revealed the functional nature of newly imported, non­
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native vesicles. However, these findings raise the question as to how the imported 
vesicles are arranged with respect to the native vesicle cluster and how their spatial 
integration relates to their functionality at host synapses. The following chapters 
will describe the inter-bouton exchange of vesicles using a combination of 
fluorescence imaging and electron microscopy to detail vesicle incorporation at the 
ultrastructural level.
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4.1 Introduction
The observed mobility of FM dye fluorescence described in the previous chapter 
raises questions about the nature of these mobile fluorescent signals that 
redistribute between synapses as well as the ultrastructural organization of 
synapses in such a dynamic system. Electron microscopy allows the detailed 
visualization of synapses and individual synaptic vesicles in neurons. For instance, 
the seminal evidence that synaptic vesicles form the physical basis for quantal 
release at synapses comes from EM studies (Heuser and Reese, 1973). The 
photoconversion of FM dye to an electron dense precipitate by prolonged excitation 
in the presence of DAB, has been used previously to confirm that FM1-43 labels 
synaptic vesicles in synapses (Flenkel et al., 1996a). The correlation of light and 
electron microscopy (CLEM), allows for regions of interest imaged at the light level 
to be studied in more detail by EM. When CLEM is used in combination with 
photoconversion, fluorescence signals can be accounted for in electron micrographs. 
This was first demonstrated with lucifer yellow in crayfish nerve cells (Maranto, 
1982), and more recently with FM1-43 in hippocampal neurons (Harata et al., 2001b). 
These powerful techniques permit the visualization of the recycling vesicle pool at 
identified synapses, making it possible to examine their ultrastructural organization.
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4.2 Ultrastructural Visualization of 
Synaptic Vesicles
The techniques required to confidently correlate fluorescence and EM imaging data 
were first established in order to  identify FM dye-labelled vesicles by electron 
microscopy.
4.2.1 Photoconversion of FMl-43
The excitation of fluorescent molecules in the presence of a reducing agent such as 
DAB, can give rise to an electron dense reaction product that is visible in EM, once 
treated with osmium tetroxide. More unstable fluorophores are more likely to emit 
free radicals and this makes their conversion to electron dense products in the 
presence of DAB more efficient. The photolabile nature of FMl-43, therefore, makes 
it a good substrate for photoconversion. To establish a photoconversion protocol the 
recycling pool of synapses in hippocampal neurons was first loaded with the fixable 
form of FMl-43 (FMl-43fx) and imaged as demonstrated in Figure 4.1 (see section
2.5.2). Neurons were then fixed with a glutaraldehyde/paraformaldehyde solution 
in PBS, and the samples prepared for photoconversion as detailed in section 2.7.1. A 
DIC image of the same region as in the fluorescence image was acquired prior to 
photoconversion. Neurons were then incubated in DAB and excited with maximal 
intensity light in the 455 nm to 495 nm range. Illuminating the area of interest for 36 
min was found to be excessive, in that all of the neurites took on a dark appearance 
after this time, as seen in the DIC image in Figure 4.1a. A reduction in the duration 
of illumination to 19 min (Figure 4.1b) resulted in the darkening of regions of 
neurites that corresponded to  previously fluorescent puncta (orange arrowheads). 
However, it was found that using an even shorter illumination time of less than 15 
min, which had little effect on the appearance of neurites as observed by DIC 
imaging, was sufficient to photoconvert FMl-43 in vesicles to an electron dense 
product visible in EM (Figure 4.1c and Figure 4.3). In all subsequent experiments a 
photoconversion time of between 12 and 15 mins was used.
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Figure 4.1 -  Photoconversion of FM1-43
Fluorescence images of FM1-43 positive boutons and the corresponding brightfield DIC 
images before and after incubation with DAB and illumination with 475/40 nm light for 
varying times; (a) 36 min illumination (b) 19 min illumination and (c) 14 min. Orange 
arrowheads highlight regions in DIC images that correspond to FM1-43 positive boutons in 
fluorescence images. Scale bars, 10
4.2.2 Correlation of light and electron microscopy
To study individual synapses identified by fluorescence microscopy in EM, a 
technique of correlating images acquired from both microscopes was applied 
(Harata et al., 2001b; Schikorski and Stevens, 2001). At the light level a montage of 
4x, lOx and 60x magnification DIC and fluorescence images was prepared by 
overlaying and aligning successive images using the graphics software package 
XARA. The images were first used to identify the neurons of interest when 
embedded in EPON to allow their selection for serial sectioning. Figure 4.2a shows 
a cluster of neurons at 4x magnification, while in Figure 4.2b, the same region is 
shown again, but in this case after fixation, photoconversion and embedding in 
EPON. A selection of neurons, clearly visible in both images, are highlighted by 
yellow arrowheads and act as landmarks for identification purposes. The region of 
interest to be sectioned for EM analysis was marked out on the EPON samples
36 min illumination
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using a scalpel. Once sectioned, the same region studied at the light level, shown at 
both lOx and 60x magnifications in Figure 4.2c and d, could be relocated in EM, as 
seen in the low magnification electron micrograph in Figure 4.2e. The architecture 
and layout of the neurons were well preserved in the EM sections, and it was 
possible to identify neurons and processes of interest. In the example shown (Figure
4.2) thick neuronal processes can be clearly matched between the 60x DIC image 
and the electron micrograph. Many of the fine neurites are also visible in this 
micrograph, while all of the neurites could be accounted for in other serial sections 
of this sample. This method of relocating regions of interest by aligning electron 
micrographs and light microscope images allowed for the reliable re-identification 
of individual synapses by electron microscopy.
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Figure 4.2- Correlation of light and EM images
(a) Low magnification brightfield image of live hippocampal neurons on an astrocyte feeder 
layer. Scale bar 200 pm. (b) A low magnification brightfield image of same neurons as in a 
following fixation, dehydration and embedding in EPON resin. Neurons visible in both 
images are marked with yellow arrows. Scale bar 200 pm. (c) Brightfield image showing the 
neurons from a that were selected for EM analysis. Scale bar, 100 pm. (d) A high 
magnification brightfield image of a neuronal process later re-identified in electron 
micrographs and shown in (e). Scale bars, 10 pm.
4.2.3 Visualizing FMl-43 labelled vesicles by EM
The methods of photoconversion and CLEM were combined to visualize the 
recycling pool of vesicles at synapses initially identified by fluorescence microscopy. 
Figure 4.3a is a 60x magnification DIC image of a neuron and Figure 4.3b is a 
fluorescence image of the same area loaded with FMl-43 using a protocol to access 
the recycling pool. This preparation was subsequently photoconverted and
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processed for EM as described in section 2.7. Figure 4.3c shows the region outlined 
by red boxes in Figure 4.3a and b as an overlay of DIC and fluorescence images. 
Figure 4.3d shows the same region again as an overlay of a fluorescence image and 
an electron micrograph, thus allowing the identification of functional boutons. The 
synapses labelled in Figure 4.3e were imaged at higher magnifications to allow for 
the clear identification of individual vesicles and membrane specializations as 
displayed in Figure 4.3f-h. The majority of the vesicles at synapses were uniform in 
size (~50 nm diameter), and those which once contained FMl-43 had a 
dark/electron dense lumen as a result of photoconversion. Non-photoconverted 
vesicles had a clear lumen and represented those that did not undergo a round of 
exo-endocytosis in the presence of FMl-43. Active zones appeared as presynaptic 
membrane thickenings containing docked vesicles, closely apposed to dendrites on 
which the postsynaptic density was seen as a darkening or thickening of the 
membrane. In all synapses considered for analysis, one or both of these membrane 
specializations was identified to confirm the mature state of the synapse. The 
prominence of these membrane specializations depended on the angle at which the 
synapse had been sectioned, so that a lack of these features was not a confirmation 
of an immature synapse. However, synapses lacking these indicators of maturity 
were not included in this study. Serial sectioning allowed the entire vesicle 
population of a synapse to be captured as demonstrated in Figure 4.3i.
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Figure 4.3 -  Ultrastructural identification of FM1-43 positive vesicles.
Correlative light and electron microscopy was used to directly visualize FM1-43 labelled 
vesicles at the ultrastructural level, (a) DIC and (b) fluorescence views of FM1-43 labelled 
neurons. Scale bars, 15 pm (c) Brightfield and fluorescence overlay of region in red box 
from a and b. Scale bar,1 pm (d) Electron micrograph with fluorescence overlay of the 
region from c. (e-h) Electron micrographs show the marked synapses (e: arrows) in greater 
detail in f-h. FM1-43 labelled vesicles appear with a dark lumen arising from 
photoconversion (PC+) and are distinct from non-labelled (PC-) vesicles. Scale bars, 0.2 
pm. (i) A complete serial section series of a representative bouton. Scale bar, 0.2 pm
104
4.3 Ultrastructural Characteristics of 
the Presynaptic Vesicle Cluster
The CLEM techniques described in the previous section could be used for the 
quantification of the recycling and non-recycling populations of vesicles present at 
synapses, as well as their relative distribution within the vesicle cluster.
4.3.1 Quantification of synaptic vesicle number
Serial sectioning is a powerful technique that permits an account of all the vesicles 
at synapses, thereby allowing for an estimate of the size of the recycling pool. 
However, in order to quantify vesicle numbers at synapses, the lateral limits of the 
presynaptic compartment were first defined. This was marked as the edge of the 
vesicle cluster in the EM section with the longest continuum of vesicles lying 
successively within 100 nm of one another, in a plane longitudinal to the axon. This 
boundary was then applied to all other sections of the synapse. This proved to be a 
satisfactory definition of the vesicle cluster that took into account its three- 
dimensional organization. An example of the application of these rules to a series of 
sections is shown in Figure 4.4. Vesicles, excluding vesicle-like structures exceeding 
55 nm in diameter, were scored as PC+ or PC- based on a visual assessment of their 
lumenal densities. In vesicles where this classification was unclear, the ratio of 
lumenal to membrane density was measured as previously described (Rizzoli and 
Betz, 2004). Analysing a subset of the data (n = 913 vesicles from 3 boutons) by this 
vesicle scoring method revealed a bimodal distribution in density histograms with 
peaks at 0.9 and 1.2, corresponding to empty and full vesicles respectively (Figure 
4.5a). Full vesicles were defined as those with a relative density of > 1.075. As an 
alternative method to discriminate between PC+ and PC- vesicles at synapses, the 
optical density along a line drawn through the centre of the vesicle was measured 
to create a line density profile. The line density profiles of vesicles in photobleached 
synapses were indistinguishable from those of PC- vesicles in non-photobleached
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boutons, while the density profiles of both these groups were strikingly different 
from those of PC+ vesicles (Figure 4.5b).
Figure 4.4- Defining the boundaries of the vesicle cluster
A complete series of serial EM sections were initially aligned on top of each other using 
landmarks which traversed sections as for serial reconstructions. Sections were positioned 
and aligned as shown, so that the boundary of the vesicle cluster could be established and 
applied to each section as demonstrated by the vertical green lines. Scale bar, 0.5 pm.
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The number of vesicles in the recycling pool of synapses was determined by 
combining photoconversion and CLEM. The recycling pool of vesicles was labelled 
with FMl-43 using a maximal stimulation of 600 APs at 10 Hz as in Chapter 3. 
Synapses with fluorescence intensities comparable to each other were identified at 
the light level and examined at the ultrastructural level. Only those with identifiable 
pre- and/or postsynaptic membrane specializations were used. All the vesicles, in 
all of the serial sections obtained for a particular synapse, were counted and 
classified as either PC+ or PC-, corresponding to those in the recycling and resting 
pools respectively. The analysis revealed that 46.0 ± 7.4% (mean ± s.e.m.) of the 
vesicles in these synapses were PC+ or part of the recycling pool.
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Figure 4.5- Identification of photoconverted vesicles
(a) Distribution plot of vesicle lumenal densities (n = 913 vesicles, from three FM1-43 
labelled boutons). The data was fit with Gaussian curves to reveal two peaks at 0.9 and 1.2, 
corresponding to PC- and PC+ vesicles, respectively. Inset shows an example electron 
micrograph of PC- and PC+ vesicles, (b) Line density profiles of vesicles from 
photobleached and non-photobleached FM1-43 labelled boutons that were subsequently 
photoconverted and viewed in EM. Data are mean ± s.e.m.
4.3.2 Spatial characteristics of recycling pool
Previous studies using photoconversion of FMl-43 at hippocampal synapses have 
primarily addressed the readily releasable pool vesicles and their relationship with 
the active zone. Interestingly, the organization of the entire recycling pool of
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vesicles within a synapse and their relationship to the active zone as well as other 
resting pool vesicles has not been characterized to date.
To study the spatial organization of vesicles, two methods, regional analysis and 
measurement of vesicle distance to active zone, were used. These methods of 
analysis were applied to the three serial sections centred around the active zone for 
each synapse. For regional analysis, the presynaptic vesicle cluster was split into 
three regions, active zone, core and edge, in each of the three serial sections. The 
active zone region was a compartment extending 100 nm from the active zone into 
the vesicle cluster. The edge region was a single continuous line of the outermost 
vesicles each lying within two vesicle diameters (100 nm) of one another, starting 
with the vesicle lying furthest, but <100 nm, from the active zone membrane. 
Vesicles lying within 150 nm of this defined cluster edge were included in the edge 
region groups. The core region was that between the active zone and edge regions. 
An example of the application of these rules on a single section is shown in Figure 
4.6. Subsequently, vesicles in each of the regions were classified as PC+ or PC-. For 
distance to active zone analysis the position of every vesicle in three-dimensional 
space was defined and the distance of each one to its nearest point on the active 
zone was measured, making the assumption that each vesicle lay in the center of 
the section's depth which was taken to be 60 nm.
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Figure 4.6- Defining regions within the vesicle cluster
(a) Single EM section of an FM1-43 labelled, photoconverted bouton. PC+ and PC- vesicles 
are organized around a single active zone containing docked vesicles of both types, (b) 
Example image detailing the categorization of vesicles into active zone, core and edge 
regions and the subsequent classification of vesicles as either PC+ or PC-. Scale bars, 0.2 
pm.
Hippocampal cultures were stimulated with a 600AP stimulus at 10 Hz in the 
presence of FMl-43 to label the recycling pool of vesicles. Synapses identified by 
fluorescence signal were photoconverted, processed for EM, and later re-identified 
in electron micrographs. Vesicles were then classified as PC+ or PC-, and their 
spatial positioning assigned as described above. PC+ vesicles, corresponding to 
recycling pool vesicles, were present in all regions of the synapse, as indicated by 
both regional analysis and distance to active zone measurements. A comparison of 
the relative proportion of PC+ vesicles in the three zones used in regional analysis 
with that of the total vesicle population revealed no significant differences in their 
distributions in the active zone and core regions (paired f-test, active zone region: P 
= 0.37, all, 13.8 ± 1.6%, PC+, 15.9 ± 2.4%; core region: P = 0.39,, all, 39.1 ± 5.8%, PC+, 
41.1 ± 5.1%). However, the proportion of PC+ vesicles in the edge region was 
significantly lower (paired f-test, edge region: P = 0.05, all, 47.2 ± 4.4%, PC+, 43.2 ± 
4.3%), (Figure 4.7a). The distribution of vesicle distances to the active zone for all 
vesicles and PC+ vesicles only was also found to be similar between the two groups
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(Kolmogorov-Smimov, P > 0.2; PC+ vesicles, n = 367; total vesicles, n = 806, from 5 
synapses, Figure 4.7b). But here again the tendency for the proportion of PC+ to be 
higher in regions closer to the active zone was evident. These results demonstrate 
that while recycling pool vesicles are not spatially restricted to any specific region of 
the vesicle cluster, they are not evenly distributed throughout the synapse.
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Figure 4.7- Spatial distribution of vesicle pools within boutons
(a) The relative distribution of vesicles in boutons, labelled with FM1-43 by a 600 AP 10 Hz 
stimulation, in edge, core and active zone regions. Left: all vesicles (47.2 ± 4.4%, 39.1 ± 
5.8%, 13.8 ± 1.6%). Right: recycling pool vesicles only (43.2 ± 4.3%, 41.1 ± 5.1%, 15.9 ± 
2.4%). Data are mean ± s.e.m. (b) Histograms comparing vesicle to active zone distances of 
recycling pool vesicles to the total vesicle pool in the same synapses.
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4.3.3 Photobleaching FMl-43 and ultrastructural analysis
In order to study the transport and incorporation of FM dye fluorescence at 
synapses, the FRAP protocol used previously (Figure 3.5) was extended to the EM 
level. It was important to confirm that the photobleaching of a fluorescent signal 
actually rendered it incapable of producing an electron dense reaction product 
upon subsequent photoconversion. Figure 4.8a is an electron micrograph of a 
neuronal process with a fluorescence image of the same region overlaid. Electron 
micrographs of the photobleached (red box) and non-photobleached (blue box) 
boutons are shown in Figure 4.8b and c. A photobleach protocol employing 10 
sweeps of the laser at maximum power was found to be successful in removing all 
traces of a photoconversion product in the vesicles. At the ultrastructural level, 
boutons were intact and showed no signs of photo-damage (Figure 4.8c). The 
estimated number of PC+ vesicles present at synapses loaded with FMl-43 and 
subsequently photobleached was 0.8 ± 0.2% (mean ± s.e.m.). The photobleach 
protocol was therefore successful in removing both fluorescence and 
photoconversion signals from the synapse of interest. A negative control for 
photoconversion was carried out in which cultures not exposed to FMl-43 were put 
through the process of photoconversion. An analysis of a selection of single sections 
from this condition revealed a small number (0.9 ± 0.3%, mean ± s.e.m.) of vesicles 
with electron dense lumen. These vesicles, by appearance, were indistinguishable 
from what had previously been described as FM+/PC+ vesicles and therefore were 
classified as PC+. These vesicles may have contained aminergic neurotransmitters 
which can form electron dense precipitate upon fixation. Given the small number of 
these vesicles, false PC+ vesicles at synapses should contribute minimally in vesicle 
quantification. These data are plotted in Figure 4.8d along with the proportion of 
PC+ vesicles representing the recycling pool
To confirm that the photobleach protocol was not having a toxic effect on the 
synapse, the ability of photobleached boutons to take up and release the FM dye 
was assessed by light microscopy. The protocol is outlined in the schematic in 
Figure 4.9a. Synapses were labelled with FMl-43 (600 APs at 10 FIz) and then
i l l
photobleached with 10 sweeps of the laser at maximum power. The photobleach 
protocol was the same as that used to prevent the formation of FMl-43-derived 
photoconversion products in EM. The entire preparation was then destained with 
900 APs at 10 Hz and subsequently stimulated (600 APs at 10 Hz) in the presence of 
FMl-43. The photobleached synapses reloaded with FMl-43 and could be destained 
once again. Figure 4.9b shows a sample image sequence from the experiment. The 
ratio of dye uptake as defined by fluorescence intensity measured in the second 
load compared to the first load (F2/F1), is shown for both photobleached boutons 
and control boutons outside the bleach region in Figure 4.9c. Photobleached 
synapses showed the same extent of dye-uptake prior to photobleaching (FI) as 
they did after photobleaching (F2, t-test, P = 0.99, n = 20, mean FI = 44.02 ± 1.95, 
mean F2 = 44.07 ± 5.26). Moreover, F2/F1 for photobleached and control non­
photobleached synapses was not significantly different (t-test, P = 0.57, bleach: n = 
20, mean ratio F2/F1 = 0.98 ± 0.09; control: n = 21, mean ratio F2/F1 = 1.05 ± 0.08). 
These results establish that the photobleach protocol was not detrimental to bouton 
health.
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Figure 4.8- Preventing the photoconversion of FM1-43 by photobleaching.
(a) Electron micrograph of a neuronal process with an FM1-43 fluorescence overlay (green) 
of the same area identifying functional boutons. Bouton in red box (right) was 
photobleached immediately prior to fixation while bouton in blue box (left) was not. Scale 
bar, 2 pm (b) High magnification EM image of non-photobleached bouton (blue box) with its 
fluorescence image above, (c) High magnification EM image of photobleached bouton (red 
box) with fluorescence images before and after photobleaching shown above. All the 
vesicles are PC-, corresponding to the complete ablation of the FM1-43 fluorescence prior 
to photoconversion. Scale bars: fluorescence, 1 pm; EM 0.2 pm (d) Summary of the 
proportion of PC+ vesicles in non-photobleached (n = 5), photobleach-immediate fix 
boutons (n = 6) and photoconverted boutons not exposed to FM1-43 (n = 3). Data are mean 
± s.e.m.
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Figure 4.9- Synapse viability following photobleaching
(a) Experimental scheme to test the effects of photobleaching on synaptic vesicle turnover.
(b) Sample images from a representative experiment. Synapses were labeled with FM1-43 
and then photobleached (yellow box). The photobleach protocol was the same as that used 
to prevent the formation of FM1-43 derived photoconversion products in EM. The entire 
preparation was then destained and subsequently reloaded, (c) Comparison of dye-uptake, 
expressed as a ratio of second load fluorescence (F2) to first load fluorescence (F1) for 
photobleached and control non-photobleached synapses. Data are mean ± s.e.m. Scale bar, 
2 pm .
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4.4 Discussion
As part of the electron microscopic analysis of neuronal preparations, the 
organization of the vesicle cluster at synapses has been described (Peters et al., 
1991) and many of these studies have concerned the changes to the vesicle 
population during and after release. However, little information has been gathered 
about the arrangement of recycled vesicles within the presynaptic bouton. This 
chapter details a method to photoconvert FM dye fluorescence to an electron dense 
precipitate and to reliably re-identify the same synapses studied at the light level 
once more in EM. These techniques add another level of resolution to the study of 
synapses by allowing the identification of recycling and non-recycling pools of 
vesicles and describing their organization within the presynaptic vesicle clusters of 
hippocampal neurons.
Oxidative reactions involving DAB can be used to label neurons and their proteins. 
The enzyme horseradish peroxidase (HRP) conjugated to antigen-specific 
antibodies can catalyse the oxidative reaction of hydrogen peroxide and DAB to 
produce a stable opaque reaction product, visible by light microscopy, that allows 
the immuno-localization of proteins (Janeway et al., 2001). The polymerized DAB 
reaction product can also be visualized by electron microscopy following treatment 
with osmium tetroxide. Fluid-phase markers such as solutions of HRP (Micheva 
and Smith, 2005) or antibodies directed against synaptic vesicle proteins conjugated 
to HRP (Kraszewski et al., 1995) have been used to label recycling vesicles. In this 
chapter the FM family of strylyl dyes were used to label endocytosed vesicles as in 
Chapter 3. The photolabile nature of the FM dyes makes them ideal candidates for 
photoconversion, and with the development of fixable forms of the dyes, their 
location and fluorescence can be preserved through the fixation process. These 
features suggested that FM dyes should be useful for the ultrastructural study of 
recycling pool vesicles.
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The time taken to achieve sufficient photoconversion of FM dye for visualization by 
electron microscopy was optimized in relation to changes observed at the light level 
(Figure 4.1). The darkening of neurites and boutons following longer illumination 
times probably reflects the non-specific photoconversion of residual plasma 
membrane-associated fluorescence and mitochondria. In the majority of cases 
photoconversion was an all-or-nothing reaction and vesicles could be easily 
classified as PC+ or PC- as demonstrated by the distribution plot of vesicle lumenal 
densities from photoconverted boutons, which displayed two clear populations of 
vesicles (Figure 4.5). However, as suggested by the overlap between the distribution 
curves, there were a small number of vesicles of intermediate lumenal density. In 
classifying these vesicles, the opacity of the cytoplasm surrounding the vesicles was 
also considered, as a dark lumen may represent a staining artefact contributed by 
the cytoplasm. Further controls for the counting and classification of vesicles will be 
discussed in the next chapter.
The majority of synapses formed between hippocampal neurons in culture are en 
passant, with axons and dendrites often running parallel to one another. At the 
ultrastructural level these synapses are seen as clusters of vesicles, offset slightly 
from the center of the process and juxtaposed to a dendrite. In order to quantify 
vesicle number, it was necessary to devise a system of marking the boundaries of 
these en passant synapses. By aligning the EM serial sections as described in section 
2.7.6 and laying them out vertically (Figure 4.4) the 3-d nature of the synapse could 
be appreciated without the need for a reconstruction.
In this chapter, the proportion of PC+ vesicles, representing the recycling pool at 
synapses was estimated to be ~46%. Given that the average total vesicle count in the 
boutons considered here was 338, the recycling pool was estimated to contain 155 
vesicles. This was comparable to the value of 127 recycling vesicles per bouton 
noted previously for a 400 AP stimulus load derived from fluorescence data only 
(Ryan et al., 1997), but much larger than the estimate of ~30 vesicles following a 600 
AP stimulus from ultrastructural analysis (Harata et al., 2001a), and of -25 vesicles 
for a 600AP stimulation from fluorescence data (Murthy and Stevens, 1999). A
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recent study demonstrated that the size of the recycling pool at hippocampal 
synapses can vary with temperature. When loaded with HRP using a 600 AP 
stimulus the recycling pool contained -110 vesicles at 35°C compared to an average 
of 50 when loaded at 23°C (Micheva and Smith, 2005). All of the experiments in this 
thesis were carried out at -35 °C and the estimate of recycling pool size correlates 
well with that of Micheva and Smith from similar conditions (Micheva and Smith, 
2005). The previous ultrastructural study of recycling pool size using FMl-43 and 
photoconversion considered a large heterogenous population of synapses in the 
analysis (Harata et al., 2001b). In some cases the proportion of PC+ vesicles at 
synapses was found to be as high as 85%, but the average for the whole population 
was -15% (Harata et al., 2001a). In this thesis, FMl-43-positive boutons were chosen 
for EM analysis based on similarities in their fluorescence intensities with each 
other and across experiments. This methodology may have biased the selection for 
synapses with larger recycling pools and could explain the above differences in 
estimates of recycling pool size. Alternatively, if lower temperatures, as used by 
Harata et al, favour a greater heterogeneity in release probabilities at synapses then 
such differences in individual release sites might explain the large variation in PC+ 
vesicle numbers observed.
The organization of the vesicle cluster and the distribution of recycling pool vesicles 
contained within a bouton was described by two methods (Figure 4.7) applied to 
the three middle sections of the bouton. While all of the sections for each bouton 
were used to quantify vesicle numbers at synapses, the three middle sections of a 
bouton centered around the active zone gave a good representation of vesicle 
distribution. In previous studies examining the spatial organization of vesicles at 
synapses, single sample sections alone have been used (Schikorski and Stevens, 
2001) or alternatively, to take into consideration the three dimensional nature of the 
vesicle cluster, three consecutive sections were collapsed into a single plane and 
neighbour relationships considered (Rizzoli and Betz, 2004). In the current study, 
the coordinate positions of vesicles and active zones were marked and the shortest 
distance of each vesicle to the active zone in three dimensions was recorded. The
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distribution of vesicle distances to the active zone were similar for both recycling 
pool vesicles and the total vesicle population, as were their proportions in the active 
zone and core regions (Figure 4.7). Readily releasable pool vesicles at hippocampal 
synapses have been found to distribute unevenly throughout the vesicle cluster, 
with a tendency to be closer to the active zone (Schikorski and Stevens, 2001). 
However, a similar ultrastructural study at the frog neuromuscular junction found 
the readily releasable pool vesicles to be distributed throughout the vesicle cluster 
(Rizzoli and Betz, 2004). The results in this chapter deal solely with the total 
recycling pool of vesicles and indicate that while there is no preferential spatial 
location for these vesicles within the cluster, their distribution is skewed in a similar 
way to the that observed for the RRP vesicles (Schikorski and Stevens, 2001). Even 
though the proportion of PC+ vesicles was significantly reduced in the outer 
regions of the cluster and increased in regions close to the active zone, the spatial 
relationship of these vesicles with the release site is unlikely to be the sole 
determinant for their inclusion in the recycling pool. It may also be that some 
intrinsic properties of the vesicles determine their preferential participation in 
release events.
In preparation for studying the incorporation of non-native FM dye fluorescence at 
photobleached synapses by electron microscopy, as will be described in the next 
chapter, it was necessary to confirm that the photobleaching of FMl-43 fluorescence 
at the light level corresponded to an absence of photoconversion product in EM. It 
was found that a rather stringent photobleaching protocol was required to inhibit 
the formation of a photoconversion product. The photobleaching of FMl-43 
fluorescence to levels similar to that used in fluorescence time-lapse studies (section 
3.4.1) did not completely prevent the formation of photoconversion product. This 
presumably reflects the amplifying nature of the photo-oxidation procedure, such 
that a small amount of non-photobleached FMl-43 was sufficient to create an 
identifiable precipitate in vesicles. The photobleaching protocol devised in this 
chapter satisfactorily prevented the formation of a photoconversion product as 
shown in Figure 4.8 and summarized in Figure 4.8d. It was feared that this robust
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protocol would result in severely photo-damaged synapses. However, there was no 
evidence of photo-damage at the EM level; the mitochondria and surrounding 
cytoplasmic membrane were intact and not over contrasted as seen in cases of 
photo-damage (personal communication; Oleg Shupliakov). The capacity of 
photobleached synapses to undergo multiple rounds of exocytosis provided further 
confirmation of the non-toxic nature of the photobleach protocol (Figure 4.9).
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Chapter 5 1 U ltrastructural 
A n alysis  of Synaptic  
V esicle M ob ility
5.1 Introduction
Time-lapse fluorescence microscopy was used in Chapter 3 to detect the movement 
of FM dye-labelled vesicles within axons. In combination with FRAP measurements, 
this gave an estimate of the extent to which mobile fluorescence signal was 
incorporated into synapses. However, due to the limited resolution of light 
microscopy, little information could be gathered about the nature of the fluorescent 
transport packages. Are they clusters of synaptic vesicles or pleimorphic endosomal 
structures as seen previously (Ahmari et al., 2000)? While imported FM dye-labelled 
vesicles participated in exocytosis with similar kinetics to native vesicles, it was of 
interest as to how this functional incorporation was represented spatially. Electron 
microscopy in combination with the photoconversion of FMl-43 allowed mobile 
fluorescent packets to be identified in axons. Also, newly imported vesicles at 
boutons could be visualized so as to establish whether they were restricted to the 
periphery of the synapse or if they had access to all areas of the presynaptic vesicle 
cluster. In this chapter, a selection of the techniques outlined in previous chapters 
was used to study inter-bouton vesicle exchange at the level of the electron 
microscope.
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5.2 Departure of Recycling Pool 
Vesicles from Synapses
The synaptic connections in cultures of the age used in these experiments would be 
expected to be in a mature state (Verderio et al., 1995; Verderio et al., 1999b). This is 
further supported by general observations from pre- and postsynaptic labelling 
conducted in experiments described in earlier chapters. As such, the fluorescently 
labelled recycling pool vesicles, seen to be imported into synapses by FRAP 
experiments in Chapter 3, most probably originated from sites of synaptic vesicle 
endocytosis, rather than from the non-synaptic uptake of FM dye. In order to prove 
that mature resting synapses could release recycling pool vesicles for transport and 
reuse elsewhere, a combination of photobleaching and time-lapse imaging was 
used to detect the departure of small fluorescent packets from synapses. 
Subsequently, the photoconversion and CLEM techniques detailed in Chapter 4 
were used to establish what the mobile fluorescence that departed from donor 
synapses represented at the ultrastructural level.
5.2.1 Exit of fluorescently labelled vesicles from synapses
The presynaptic boutons of hippocampal neurons were labelled with FMl-43fx 
using a 600 AP, 10 Hz loading stimulus. In order to visualize the movement of small 
packets of fluorescence, sections of the axonal regions surrounding a target bouton 
were photobleached to eliminate the fluorescence. The boutons chosen for shedding 
experiments were approximately similarly sized and arranged with respect to 
neighbouring boutons. The target regions were imaged at a rate of one frame per 10 
s for a short period of time (< 330 s). High gain and high power settings were found 
to be optimal for detecting mobile packets following the photobleach protocol. As a 
result of this, the initial pre-bleach images were over-exposed and a flaring of 
fluorescence was seen in these images. The departure of fluorescent units from 
synapses into photobleached axons was observed as indicated by the yellow 
arrowheads in Figure 5.1. This appeared to be a common phenomenon, with
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evidence of departing fluorescence seen in the majority of boutons examined (11 
from 15 experiments). The time taken to observe these events varied from just 40 s 
to 270 s, reflecting the stochastic and seemingly frequent nature of the process. In 
the 4 out of 15 boutons that did not show any evidence of vesicle departure, there 
was nothing about their initial fluorescence intensity, shape or distance from 
neighbours that distinguished them from the other 11 boutons that underwent 
vesicle shedding. With more time, release events may have been recorded at these 
boutons. However, in general, a short time-window of observation was employed 
as this reduced the likelihood of fluorescence material from outerlying, non­
photobleached regions entering the region of interest and confounding the 
detection of fluorescent packets mobilized from the target synapse.
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Figure 5.1- Shedding of fluorescent packets from synapses
The selective photobleaching of axonal regions surrounding a single FM1-43 labelled 
synapse allowed the clear identification of fluorescence movement out of the target bouton.
A small package of FM1-43 fluorescence moving out of the synapse and along the axon 
was captured in the time-lapse sequence and is highlighted with yellow arrowheads. The 
maturity of synapse was later determined by CLEM. Scale bar, 5 pm.
Identification of mobile units of fluorescence in EM
From the fluorescence shedding experiments described above, a selection of the 
samples was fixed immediately upon observing the departure of fluorescent 
packets from the synapse. After photoconversion, the donor synapses and 
surrounding axons were identified by CLEM techniques, thus allowing the 
ultrastructural nature of the mobile fluorescence signal to be studied. In previous 
fluorescence-based experiments, mature synapses were identified by dual labelling 
of pre- and postsynaptic elements. However, in experiments in this chapter a post- 
hoc ultrastructural analysis identified pre- and postsynaptic membrane 
specializations of donor synapses to confirm their maturity. The sample time-lapse 
images used to identify a mobile fluorescent packet, similar to Figure 5.1, are shown 
in Figure 5.2a. In this experiment, as soon as a packet of fluorescence moved out
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from the synapse at 70 s post-photobleaching, the sample was fixed, 
photoconverted and processed for EM. A section of the final fluorescence image, 
showing both the donor synapse and the fluorescent packet is displayed with a 
corresponding single electron micrograph and a 3-dimensional reconstruction of 
the same region (Figure 5.2b). The cluster of vesicles highlighted by the yellow 
arrowhead in both the single electron micrograph and the 3-d reconstruction of the 
axonal region correspond to the mobile fluorescent packet identified by time-lapse 
imaging. These results clearly establish that mobile FM dye fluorescence relates to 
vesicle clusters, and implies that the fluorescence recovery observed previously at 
boutons (Figure 3.5) arises from the movement of properly formed vesicles along 
axons rather than endosomal intermediates produced during vesicle recycling 
(Takei et al., 1996).
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Figure 5.2- Identification of mobile packets using CLEM techniques
(a) Regions (yellow box) adjacent to an FM1-43 positive bouton were photobleached as in 
Figure 5.1. A time-lapse sequence shows the departure of a fluorescent packet from the 
bouton (yellow arrowhead). Note: the digital contrast was scaled differently in the pre- 
versus post-photobleach images to allow the clear visualization of bouton and packet. Scale 
bar, 5 pm. (b) A correlation between the final frame of the fluorescence time-lapse 
sequence and a single EM section of the axonal region showing both the synapse and 
extra-synaptic vesicle cluster (yellow arrowhead). A 3-d reconstruction of the same area 
shows the synapse and loose clusters of vesicles identified as PC+ (orange) and PC- (blue) 
and corresponding to the fluorescent packets identified in a  (yellow arrowhead). The active 
zone is shown in green. Scale bar, 0.5 pm.
5.2.2 Mobile vesicle clusters
A more detailed ultrastructural characterization of the mobile vesicle clusters 
described above was undertaken. The identified transport packets were aggregates 
of similarly sized PC- and PC+ vesicles, and quantitative analysis revealed that the 
proportion of PC+ vesicles in these packets was 36 ± 7% (n = 5). Single EM sections 
of three example vesicle packets are shown in Figure 5.3a. The vesicles in these 
packets display multiple arrangements, where in some cases vesicles are tightly 
associated with one another while in others they are more spread out along the 
axon. 3-d reconstructions of two sample packets with PC+ vesicles in orange and 
PC- vesicles in blue illustrate the range of possible vesicle organizations in these 
mobile clusters (Figure 5.3b). The PC- vesicles in the transport packets might 
represent newly formed or photobleached vesicles already in transit along the axon 
that were joined by PC+ vesicles upon their shedding. Alternatively the presence of 
PC- vesicles in these clusters could indicate the ability of non-recycling or resting 
pool vesicles to depart from the synapse jointly with recycling pool vesicles. This 
latter possibility is further supported by the fact that the proportion of PC+ vesicles 
present in mobile clusters (36 ± 7%) is similar to that seen at synapses (46.0 ± 7.4%).
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Figure 5.3- Ultrastructural detail of mobile packets
(a) Example electron micrographs of extra-synaptic vesicle clusters identified by time-lapse imaging and 
CLEM, (b) 3-d reconstructions of representative mobile vesicle clusters. PC+ vesicles in orange, PC- 
vesicles in blue. Scale bars, 0.2 pm. (c) Bar graph comparing the proportion of PC+ and PC- vesicles in 
the dentified mobile packets.
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5.3 Ultrastructural Analysis of Vesicle 
Incorporation
5.3.1 Quantification of vesicle incorporation
Having established that non-native FM4-64 fluorescence can become integrated at 
photobleached synapses (Chapter 3) and that the substrate for this recovery is 
clusters of vesicles (this chapter), the incorporation of vesicles into synapses was 
next studied by electron microscopy. Hippocampal neurons were stimulated with 
600 APs at 10 Hz in the presence of FMl-43fx, synapses were photobleached and 
fixed after -18 min, to allow time for vesicles to be imported into the target bouton 
from other non-photobleached boutons. The samples were then photoconverted, 
serially sectioned, and the ultrastructure of the target boutons examined using 
CLEM techniques. The number of PC+ vesicles present at these synapses was 
compared to those at photobleached, time-matched controls where axonal transport 
had been compromized, and to non-photobleached boutons to estimate the size of 
the recycling pool.
As criteria for inclusion in these experiments, all boutons had intact outer 
membranes and were confirmed to be mature synapses by a post-hoc 
ultrastructural identification of pre- and post-synaptic specializations. Efforts were 
made at the fluorescence level to choose boutons of a similar size. All synapses 
included in this study contained fewer than 700 vesicles and the average number of 
vesicles per bouton for each experimental condition was not significantly different 
(Kruskal-Wallis ANOVA, P = 0.89, median and inter-quartile ranges (IQR), non- 
photobleached: median, 279, IQR, 235-445; photobleached and fixed immediately: 
median, 295, IQR, 254-345; jasplakinolide-treated photobleached and fixed after 18 
min: median, 357, IQR, 309-384; photobleached and fixed after 18 min: median, 262, 
IQR, 149-488). The similarities in the boutons across each of the experimental 
conditions validated the subsequent comparisons made between these experimental 
groups.
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Displayed in Figure 5.4 are sample EM sections of boutons representing each of the 
three conditions mentioned above. Synapses which had been photobleached and 
allowed to recover prior to fixation are shown in Figure 5.4a. PC+ vesicles, which 
based on previous time-lapse studies (section 3.4.1) have presumably moved in 
from neighbouring non-photobleached synapses, are present within the vesicle 
cluster. At these synapses an average of 8.2 ± 1.3% (n = 11, Figure 5.4d) of the total 
vesicles were PC+. Example electron micrographs of time-matched controls are 
shown in Figure 5.4b; here neurons had been pre-treated with jasplakinolide for 15 
mins prior to photobleaching to inhibit axonal transport (see Figure 3.4). These 
boutons fixed -18 mins after photobleaching, contained significantly fewer PC+ 
vesicles than the experimental condition (t-test, P = 0.013, 2.6 ± 0.6%, n = 5; Figure 
5.4d). These results agree with earlier experiments in Chapter 3, where fluorescence 
recovery at synapses marked with EGFP-GluR2 and FM4-64 was disrupted by 
jasplakinolide, and supports the idea that PC+ vesicles are imported into 
photobleached synapses via axonal transport. While there was some variation in the 
extent to which individual synapses incorporated PC+ vesicles, >90% of the 
photobleached boutons showed more recovery than time-matched jasplakinolide 
controls indicating that this import process was robust.
A subset of sections from a non-photobleached, photoconverted synapse is shown 
in Figure 5.4c. For this condition the average number of PC+ vesicles at synapses, 
representing the recycling pool, was 46.0 ± 7.4%, n = 5 (Figure 5.4d and previously 
in Figure 4.8). Given the size of the recycling pool, the fact that -8% of vesicles in 
bleached boutons were PC+ at the end of the recovery period would suggest that 
newly imported vesicles contribute substantially to host recycling pools.
The quantification of vesicle numbers at synapses involved the alignment of all 
serial sections for each bouton using multiple membrane and organelle landmarks 
and the classification of each vesicle (n = 7878 from 27 boutons) as either PC+ or PC- 
(see section 4.3.1). Given the large amount of vesicle counting involved and the 
subjective nature of vesicle classification, there was a fear that experimenter error 
might influence the results. As a control for the scoring of PC+ and PC- vesicles, a
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random selection of the data (n = 2682), including samples from all experimental 
conditions, was analysed blind by a third party. A comparison of the results 
indicated that the proportion of vesicles from each vesicle class, in each 
experimental condition scored by the third party was not significantly different 
from non-blind counts. Samples that were photobleached and fixed immediately, 
by non-blind and blind counts contained 0.6 ± 0.4% and 0.4 ± 0.4% PC+ vesicles, 
respectively (mean ± s.e.m. f-test, P = 0.502). In samples that were jasplakinolide- 
treated, photobleached and fixed after 18 min, non-blind and blind counts yielded 
2.3 ± 0.7% and 2.5 ± 1.1% PC+ vesicles, respectively (mean ± s.e.m. t-test, P = 0.840). 
Samples that were photobleached and fixed after 18 min, by non-blind and blind 
counts contained, 7.5 ± 1.6% and 9.2 ± 2.1% PC+ vesicles, respectively (mean ± s.e.m. 
f-test, P = 0.105). In non-photobleached samples, non-blind and blind counts yielded 
44.6 ± 7.2% and 53.2 ± 9.7% PC+ vesicles, respectively (mean ± s.e.m. t-test, P = 
0.079). While in some cases the difference between blind and non-blind counts was 
nearing significance, in each condition the non-blind counts consistently 
underestimated the proportion of PC+ vesicles present at synapses. This suggested 
that while there may be a variation in vesicle counting, the overall trends remained 
the same, and if anything the extent of vesicle incorporation may have been 
underestimated by non-blind analysis.
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Figure 5.4- Vesicle incorporation visualized by electron microscopy
Consecutive serial sections of representative boutons from three experimental conditions:
(a) photobleached and fixed after 18 min; (b) jasplakinolide-treated (1 pM), photobleached 
and fixed after 18 min; (c) non-photobleached. In the schematics (top) red boxes denote 
photobleaching. Scale bars, 0.2 pm. (d) Plot summarizes average percentage of 
photoconverted vesicles per bouton for each of the three conditions. Data are mean ± s.e.m.
5.3.2 Spatial distribution of newly imported vesicles
As a first step to establishing the spatial arrangement of imported vesicles within 
non-native synapses, 3-d reconstructions were used to give an overview of the 
vesicle cluster and the position of vesicles with respect to the active zone. A 
complete series of serial sections from a synapse that had been photobleached and 
allowed to recover for 18 min is shown in Figure 5.5a. These sections were then 
used to make a 3-d reconstruction of the synapse. Non-photoconverted vesicles 
representing the native vesicle cluster are shown in blue, and newly incorporated 
photoconverted vesicles are in orange, with the active zone shown in green (Figure 
5.5b). The newly imported vesicles were distributed throughout the native vesicle 
pool, from near the active zone out to the cluster edge. There was little evidence of 
the clustering of PC+ vesicles in this reconstruction or in any of the other synapses 
examined. The same 3-d reconstruction is shown in Figure 5.5c without the native
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or PC- vesicles in order to better illustrate the relationship between the newly 
imported vesicles and the active zone.
a b
Figure 5.5- 3-dimensional reconstruction of FRAP bouton
(a) A complete set of serial sections of a photobleached-recovered bouton. (b) 3-d 
reconstruction of photobleached-recovered bouton from a, showing newly imported (PC+) 
vesicles (orange) distributed throughout the native (PC-) vesicle cluster (blue), (c) The same 
reconstruction as b but without the native vesicles, illustrating the distance from the active 
zone of the newly imported vesicle. The active zones in both reconstructions are shown in 
green. Scale bars, 0.2 pm.
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Having obtained an overall impression of vesicle incorporation from 3-d 
reconstructions, the spatial integration of non-native vesicles was quantified by the 
two methods described in section 4.3.2. These methods were applied to the middle 
three sections of all eleven photobleached-recovered boutons from Figure 5.4d. 
Firstly, the region-based analysis, where vesicles were sorted into active zone, core 
and edge regions, indicated that the distribution of all vesicles across these three 
regions in photobleached-recovered boutons was not significantly different from 
that seen previously in non-photobleached boutons (Figure 4.7a and Figure 5.6a, 
paired t-test, edge region: P = 0.54, photobleach all, 50.1 ± 2.5%, non-photobleach all,
47.1 ± 4.3%; core region: P = 0.33, photobleach all, 32.2 ± 3.8%, non-photobleach all,
39.1 ± 5.8%; active zone region: P = 0.38, photobleach all, 17.8 ± 2.8%, non­
photobleach all, 13.8 ± 1.6%). This result, in combination with the fact that all 
boutons analysed were similarly sized justifies the comparison of the ultrastructural 
characteristics between photobleached and non-photobleached boutons.
Next, when the distribution of PC+ vesicles in photobleached-recovered boutons 
was considered, these newly imported vesicles were present in all three regions of 
the cluster. However, there were fewer vesicles in the active zone and core regions 
(paired f-test, active zone region: P = 0.05, photobleach PC+, 7.9 ± 6.2%, photobleach 
all, 17.8 ± 2.8%; core region: P = 0.14, photobleach PC+, 21.7 ± 6.1%, photobleach all,
32.2 ± 3.8%) and significantly more at the edge of the vesicle cluster (paired t-test, 
edge region: P = 0.02, photobleach PC+, 70.5 ± 6.4%, photobleach all, 50.1 ± 2.5%) 
(Figure 5.6a). When analysing the distribution of vesicle distances to the active zone, 
newly imported vesicles were seen to have a similar overall distribution to that of 
the entire population of vesicles (Figure 5.6b). However, there were fewer PC+ 
vesicles closer to the active zone and none within 50 nm of it. This correlates with 
the reduced number of PC+ vesicles seen in active zone and core regions of 
photobleached boutons by the regional analysis above. In contrast, there were a 
higher proportion of PC+ vesicles towards the edge of the cluster. This finding, in 
combination with the results from the region based analysis would suggest that the 
cluster edge acts as the entry point for these newly imported vesicles.
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Figure 5.6- Analysis of the spatial distribution of newly incorporated vesicles 
within boutons
(a) The relative distribution of vesicles in photobleached-recovered boutons in edge, core 
and active zone regions. Left: all vesicles (50.1 ± 2.5% , 32.2 ± 3.8%, 17.8 ± 2.8%). Right: 
incorporated vesicles only (70.5 ± 6.4%, 21.7 ± 6.1%, 7.9 ± 6.2% ). (b) Histograms 
comparing the distribution vesicle to active zone distances for incorporated vesicles and the 
total vesicle population in photobleached-recovered synapses.
5.3.3 Shedding and incorporation viewed simultaneously by 
electron microscopy
In some experiments designed to examine the departure of vesicles from synapses, 
the region of axon around the target bouton included FM labelled synapses which 
were also photobleached. While this made the study of mobile vesicle packets 
difficult due to a direct source of both photobleached and PC- vesicles in the region, 
it was possible to observe the apparent incorporation of non-native PC+ vesicles 
arising from the target non-photobleached bouton into these synapses in electron 
micrographs. The images acquired immediately before and after photobleaching,
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and the final frame of a typical time-lapse sequence designed to observe the 
shedding of fluorescent material from synapses are shown in Figure 5.7a. The 
departure of a relatively large fluorescent packet from the target synapse along with 
a more diffuse wave of fluorescence seemingly preceding the large packet are 
illustrated in the final frame of the sequence (yellow and orange arrowheads). In 
electron micrographs of the same region, the donor bouton and the synapse 
included in the photobleached region are highlighted by yellow lines leading down 
from the fluorescence images above. The mobilized packet of fluorescence 
correlates with a large cluster of vesicles (yellow arrowhead, Figure 5.7b). While the 
diffuse flux of fluorescence could have arisen from a change in the plane of focus, 
CLEM analysis of the axon identified a small number of PC+ vesicles which may 
have contributed to the observed fluorescence. These are displayed in Figure 5.7b 
(orange arrowhead) and are shown in more detail in Figure 5.7c. PC+ vesicles are 
also present in the vicinity of the photobleached synapse (red box, Figure 5.7b), and 
appear to be in the process of integration into the PC- vesicle cluster (Figure 5.7d). 
While these electron micrographs are static images of fixed tissue, taking the 
fluorescence time-lapse sequence into account, these micrographs, showing a donor 
bouton, mobile recycling pool vesicles and their integration into a non-native 
synapse, encapsulate the whole process of inter-bouton vesicle sharing.
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Figure 5.7- Vesicle shedding and incorporation at the ultrastructural level
(a) Fluorescence images acquired immediately before, immediatley after photobleaching the 
regions of axon around a single FM1-43 positive bouton, and 80 s after photobleaching. In 
the final frame a yellow arrowhead indicates the departure of a large fluorescent packet 
preceeded by a more diffuse spread of fluorescence (orange arrowhead). Vertical yellow 
lines indicate the donor synapse and a synapse within the photobleach region which 
contained some of the mobilized fluorescence at the time of fixation. Scale bars, 5 pm. (b) 
Two EM sections of the area corresponding to that denoted by the two vertical yellow lines 
in a. A yellow arrowhead marks a cluster of vesicles corresponding to the large fluorescent 
packet seen in a, while an orange arrowhead highlights PC+ vesicles corresponding to the 
diffuse fluorescence. Scale bars, 0.5 pm. (c) A more detailed image of a vesicle cluster 
corresponding to the diffuse fluorescence seen in a and denoted by orange arrowheads in 
b. Scale bar, 0.2 pm. (d) High magnification electron micrograph of the photobleached 
synapse from a and denoted by the red box in b. PC+ vesicles are present close to and 
within the cluster of PC- vesicles around an active zone. Scale bars, 0.2 pm.
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5.3.4 Non-cluster based vesicle movement
The experiments so far in this chapter have described the departure of relatively 
large fluorescent packets from synapses, which corresponded to clusters of 10 or 
more vesicles. These shedding events could be readily correlated with electron 
micrographs and allowed the substrate of inter-bouton vesicle exchange to be 
studied. However, evidence from time-lapse imaging, where diffuse fluorescence 
signals were observed arising between synapses (see Figure 3.2), would suggest 
that vesicles need not travel exclusively as discrete packets or clusters between 
synapses, but that individual or very small numbers of vesicles can also move along 
axons. Correlating the movement of this diffuse type of fluorescence with vesicles 
in electron micrographs was difficult, given that the signal was barely above 
background and transient in nature compared to the discrete fluorescent packets 
studied previously. As an alternative approach to describing this process, electron 
micrographs of photobleached inter-bouton regions of axons were examined. In 
Figure 5.8a multiple examples of these photobleached, inter-bouton axonal regions 
are displayed. Orange arrowheads highlight individual or small clusters of vesicles 
along the axon whose fluorescence was not sufficient to rise above the background 
during confocal imaging. A single electron micrograph of an FMl-43-labelled 
synapse is shown in Figure 5.8b with non-cluster associated vesicles indicated by 
yellow arrowheads. Taken together, this data would suggest that the source of 
imported vesicles at synapses need not exclusively be discrete packets of vesicles 
but that individual vesicles can both leave and join the vesicle cluster at synapses.
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Figure 5.8- Non-clustered movement of vesicles
(a) An example of an FM1-43 positive bouton in EM. Yellow arrowheads indicate single 
vesicles away from the edge of the cluster which may have been in the process of leaving 
the synapse, (b) Sample electron micrographs of inter-bouton axonal regions. Orange 
arrowheads highlight individual vesicles. Scale bars, 0.2 pm. A selection of these un­
associated vesicles is shown in greater detail on the right. Scale bars, 0.1 pm.
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5.4 Discussion
The correlation of live fluorescence imaging with post-fixation electron micrographs 
of the same cellular components is as close as current technology allows for real­
time electron microscopy. These techniques have been employed in this chapter to 
examine the mechanisms by which individual synapses share their vesicles and to 
probe the ultrastructure of the incorporation of non-native recycling pool vesicles at 
synapses.
Photobleaching studies on individual mature synapses in Chapter 3 demonstrated 
that mobile synaptic vesicles in axons can become functionally integrated into 
synapses (Figure 3.9). However, in order to regulate vesicle cluster size, synapses 
should be capable of releasing vesicles as well as gaining them. To test this idea, a 
photobleach method was used to observe the departure of FM dye-labelled vesicles 
from synapses (Figure 5.1) whose maturity was confirmed by post-hoc 
ultrastructural analysis (Figure 5.2). This result confirms that mature synapses can 
act as the vesicular source of fluorescence recovery recorded in previous chapters 
(Figure 3.5).
In other studies, concerned particularly with the early stages of neuronal 
development, mobile vesicular material appeared as pleimorphic membrane 
structures (Ahmari et al., 2000) or the nature of the observed mobile fluorescence 
was left unprobed (Hopf et al., 2002; Krueger et al., 2003). In this chapter, the mobile 
FM dye-related fluorescence, previously shown to contribute to the functional 
recycling pool of synapses (Figure 3.9), was identified as discrete clusters of 
synaptic vesicles (Figure 5.3). These vesicular transport packages are unlike 
tubulovesicular transport packages seen in developing systems (Nakata et al., 1998) 
and further illustrate that synaptic vesicle movements between mature synapses are 
distinct from the axonal movement of synaptic vesicle components observed in 
developing neurons associated with synapse formation (Matteoli et al., 2004). 
However, in some cases mobile vesicle-related fluorescence, identified in immature
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processes of developing hippocampal neurons, has been shown to relate to 
individual or small groups of vesicles by electron microscopy (Kraszewski et al., 
1995). While the mobile vesicles seen in this chapter may make use of transport 
mechanisms similar to developing systems, they are found in mature axonal 
processes between established synapses. An ultrastructural study of CA3-CA1 
connectivity in adult rat hippocampal slices by Shepherd and Harris revealed small, 
loose clusters of vesicles along axons between mature synapses following 3-d 
reconstructions of axonal processes (Shepherd and Harris, 1998). The arrangement 
of these vesicles was strikingly similar to that shown in this chapter, and such a 
similarity raises the possibility that an analagous exchange of vesicles may occur in 
the adult CNS.
The vesicle-transport packages identified in this chapter by CLEM were made up of 
both PC+ and PC- vesicles of varying arrangements. If the PC- vesicles arose from 
the resting pool of donor synapses, this would agree with observations from 
synaptophysin-EGFP experiments where a comparison of the extents of 
fluorescence recovery between FM dye and SypI-EGFP labelled vesicles suggested 
that vesicles other than those of the recycling pool contributed to the SypI-EGFP 
FRAP signal (Figure 3.10). Taken together, these results would indicate that all 
vesicles at synapses and not just those of the recycling pool participate in the 
process of inter-bouton vesicle sharing. However, given that it was only possible to 
reliably mark recycling pool vesicles for fluorescence imaging and electron 
microscopy via photoconversion, a quantitative examination of the full extent of 
vesicle sharing between synapses was not possible.
The recovery of fluorescence at photobleached boutons described in Chapter 3 was 
shown to correlate with the appearance of photoconverted synaptic vesicles at 
target mature synapses in a transport-dependent manner (Figure 5.4). This 
accumulation of non-native recycling pool vesicles, taken together with the 
shedding of small clusters of vesicles from mature synapses (Figure 5.2), provides 
evidence for the sharing of functional vesicles between synapses in established 
neuronal networks. The mechanism of sharing is mediated by the movement of
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synaptic vesicles and is unlikely to involve endosomal intermediaries. Previously in 
Chapter 4, the photobleach protocol was shown to prevent the appearance of PC+ 
vesicles in synapses (Figure 4.8). While the number of PC+ vesicles at 
photobleached synapses in time-matched controls that had been treated with 
jasplakinolide to inhibit axonal transport, was significantly less than that seen in the 
experimental group (Figure 5.4), there were more PC+ vesicles present than in 
photobleach controls (Figure 4.8). The most likely explanation for the appearance of 
these vesicles is that the jasplakinolide block of axonal transport was not 100% 
effective. Given that the recycling pool was estimated to make up about 46% of the 
total vesicle cluster at synapses (Figure 5.4d), the extent of photoconverted vesicle 
recovery observed in this chapter would indicate that imported vesicles over an 18 
min period constitute 18% of the recycling pool. Vesicle sharing, as described here 
is an apparently constitutive process, and the above calculations imply that a 
substantial proportion of the vesicle population at given synapse could arise from 
the vesicle cycle at another synapse.
Qualitative 3-d reconstructions of photobleached-recovered synapses and 
quantitative positional analysis were used to describe the incorporation of imported 
vesicles in synapses. While imported or PC+ vesicles were present in all areas of the 
vesicle cluster as classified by regional analysis, imported vesicles were never found 
docked at the active zone of host synapses. Given that docked vesicles have been 
reported to detach from the active zone over time (Murthy and Stevens, 1999), it is 
probable that a larger sample size may have revealed imported vesicles docked at 
the active zone. The spatial integration of imported vesicles, as described here, 
agrees well with previous experiments in Chapter 3 where newly imported vesicles 
could undergo exocytosis as effectively as the native vesicles.
The extent of non-native vesicle integration at host synapses indicates that, upon 
entering a new synapse, imported vesicles appear to be mobile within the cluster. 
Previous studies estimating the movement of vesicles within synapses by spot 
photobleaching reported little movement prior to the onset of stimulation 
(Kraszewski et al., 1996). However, more recent studies making use of FCS
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detection methodologies (Jordan et al., 2005; Lemke and Klingauf, 2005; Shtrahman 
et al., 2005) have reported the movement of individual vesicles within synapses. In 
particular, the model for vesicle movement proposed by Shtrahman et al 
(Shtrahman et al., 2005) predicts that a substantial proportion (-27%) of vesicles in 
synapses is freely diffusible for a significant fraction of the time (-30%). It seems 
possible, therefore, that the level of intra-bouton vesicle movement observed in 
these FCS studies could account for the mixing of newly incorporated vesicles at 
synapses reported here.
This chapter confirmed that the basis for the observed fluorescence recovery at 
synapses described in earlier chapters is made up of two related but distinct 
components. In the first, discrete transport packages, easily observed at both the 
light and EM level, consisting of numerous vesicles, can contribute to the vesicle 
clusters of non-native synapses as exemplified in Figure 5.7. While these 
movements are the most obvious, it may be misleading to regard them as the sole or 
even the predominant means by which vesicles are exchanged between synapses. 
Another mode of vesicle movement, distinct from transport packages, could also 
contribute to the vesicle clusters of synapses. At the light level, the diffuse flux of 
fluorescence material between synapses was observed (Figure 3.2). Such diffuse 
signal could represent the individual PC+ vesicles that were present along axons, 
presumably in the process of moving between boutons (Figure 5.8a). These 
individual vesicles highlight another less obvious type of vesicle movement which 
may also be a part of the vesicle sharing mechanism in neurons.
The various modes by which vesicles are moved along axons suggest possible 
mechanisms by which vesicles are released from synapses. Discrete packet-like 
movement indicates that clusters of both recycling and non-recycling vesicles can 
shed from the synapse en masse, while evidence of individual vesicles in axonal 
regions would suggest that single vesicles are also released from vesicle clusters 
(Figure 5.8b). This may mean that the links between vesicles vary in strength and 
number, such that at times a group of tightly associated vesicles may be attached to
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the rest of the cluster by relatively weak links and would therefore be prone to 
detaching from the cluster as a group.
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Chapter 6 1 C on clu d in g  Rem arks
The classical view of synapses as self-sustaining, autonomous units was established 
by the ultrastructural studies of frog neuromuscular junctions (Ceccarelli et al., 
1973; Heuser and Reese, 1973). The research in this thesis applies multiple vesicle 
labelling and imaging techniques to highlight a non-classical aspect of synaptic 
activity by describing the dynamic nature of presynaptic vesicle clusters at mature 
synapses in established small neuronal networks. The results demonstrate the role 
of presynaptic vesicle clusters in the inter-synaptic movement of vesicles in 
hippocampal neurons at both the light and electron microscopy level. Mobile 
recycling pool vesicles appear to be actively transported bi-directionally along 
axons and can become both functionally and spatially integrated into non-native 
synaptic vesicle clusters.
Time-lapse imaging of FM4-64 labelled neuronal cultures revealed the movement of 
fluorescence material along axons (Figure 3.2). However, as fluorescent packets 
regularly encountered stable, fluorescently labelled synapses it was difficult to 
reliably track their movement against this background of similar fluorescence. It 
was not clear if, when a fluorescent packet encountered a labelled synaptic cluster 
whether a certain proportion of the packet remained at the synapse or if some of the 
fluorescently labelled vesicles already there became mobilized and joined the 
moving packet. A novel approach to differentiate individual or subsets of boutons 
within cultures was needed to help determine the effects of vesicle mobility on 
synaptic vesicle clusters. At first, the local loading of a small group of synapses was 
attempted, so as the egress of fluorescence from this region into unlabelled areas 
might be recorded. In these experiments FM dyes were applied locally from a puff 
pipette onto individual processes while the cultures were stimulated by either field 
potentials or a hyperkalemic solution contained in the puff pipette, as described 
previously ((Liu and Tsien, 1995). While boutons could be labelled in this way, it 
was not possible to establish clear boundaries between the labelled and unlabelled 
areas, as the FM dye had a tendency to diffuse away from the pipette tip and along
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the membrane to weakly label boutons other than those targeted. As an alternative 
way of producing clear boundaries between labelled and unlabelled areas a 
photobleach method was used. In this way all of the synapses within the culture 
were labelled and individual boutons photobleached so as the movement of 
fluorescence into the target bouton could be recorded. This method, in combination 
with postsynaptic labelling protocols, proved to be a satisfactory way to establish 
that mobile recycling pool vesicles could become integrated into mature synapses 
(Figure 3.5). Photobleaching has been used previously to increase the signal-to- 
noise ratio in fluorescence experiments, such as in the case of synaptopHluorin, 
where it permitted individual release events to be monitored (Gandhi and Stevens,
2003). Similarly, in this current study, photobleaching was used to track the 
movement of small fluorescent packets out of and between boutons. Kymograph 
plots of photobleached inter-bouton regions revealed how individual packets, seen 
as continuous diagonal lines through the plot, moved along axons at different rates, 
which correlated with the slope of these lines (Figure 3.7). The ability of styryl dyes 
to change their fluorescence as they rapidly and reversibly associate with 
membranes has been used extensively to examine synaptic vesicle exocytosis 
(Cochilla et al., 1999; Kavalali, 2006). In this thesis, these properties were used to 
label the recycling pool of synapses and to study the functionality of mobile vesicles 
within neurons. The FRAP signal at target boutons destained upon stimulation at a 
similar rate to surrounding non-photobleached boutons (Figure 3.9). This result 
demonstrates that mobilized recycling pool vesicles retain their functional capacity 
to undergo exocytosis and as such contribute to the recycling pool of non-native 
synapses (Figure 3.9).
Previously the axonal transport of synaptic vesicle clusters has been considered 
with respect to mechanisms of presynaptic assembly in developing and mature 
neurons. The recruitment of tubulovesicular transport packets to presynaptic sites 
of axo-dendritic contact has been observed in what are thought to be the early 
stages of synaptogenesis in hippocampal neurons (Ahmari et al., 2000). Vesicle 
recycling and synaptic vesicles themselves have been identified in immature
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neuronal processes (Matteoli et al., 1992; Sun and Poo, 1987). While 
neurotransmitter release is believed to play a role in axon guidance (Zheng et al., 
1994), these sometimes mobile vesicles are also thought to function in synapse 
formation (Kraszewski et al., 1995; Matteoli et al., 2004). In more mature neurons 
the movement of synaptic vesicles has been linked to the rapid formation of new 
synapses (Krueger et al., 2003). The findings described in this thesis demonstrate 
that aside from the potential use of mobile synaptic vesicle clusters in nascent 
synapse formation, a significant proportion of functional vesicles are exchanged 
between mature synapses.
The constitutive sharing of the recycling pool between boutons would extend the 
functional range of the synaptic vesicle cycle beyond individual synapses and could 
provide a mechanism whereby synaptic properties are shared amongst 
neighbouring synapses. The movements of synaptic components described here, 
may be involved in the modification of synaptic strengths seen in response to 
concurrent pre- and postsynaptic activation, such as during LTP or LTD. Whereas 
changes are thought to be largely restricted to synapses directly involved in the 
correlated activity (Gustafsson et al., 1987; Kandel and O'Dell, 1992; Stent, 1973), 
evidence suggests that neighbouring synapses, inactive during the conditioning 
stimulus could also be affected by the activity (Murthy, 1997). The presynaptic 
spread of LTP has been reported in cultured hippocampal slices (Bonhoeffer et al., 
1989). While a more recent report indicates that LTP in hippocampal slices is 
generated and expressed postsynaptically (Engert and Bonhoeffer, 1997), the 
postsynaptic generation of diffusible messengers, may act either pre- or 
postsynaptically to facilitate the spread of LTP (Schuman and Madison, 1994). If the 
mobile vesicles and their associated proteins retained their functional identity by 
the preservation of the protein composition of vesicles, such as the existing protein- 
protein interactions or phosphorylation states. This could in turn affect the synapse 
into which they become incorporated, and as such, facilitate the presynaptic spread 
of functional changes during synaptic plasticity.
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While the mobilization of vesicles between release sites may mediate some aspect of 
the spreading of synaptic strength, these movements could also provide a basis for 
the observed similarity in the release probabilities of neighbouring release sites in 
hippocampal neurons under basal conditions (Murthy et al., 1997). The mechanism 
of vesicle sharing described here could enable neurons to redistribute synaptic 
weights across multiple release sites, by a mechanism similar to that discussed 
above, so as to allow the coordinated regulation of neighbouring recycling pools.
The fluorescence flux observed at individual boutons (Figure 3.2c) would imply 
that a given bouton can approximately maintain the size of its vesicle pool over 
time, presumably because departing vesicles are replaced in a non-correlated way 
by newly arriving ones. A number of studies have demonstrated the relationship 
between presynaptic function and synaptic vesicle pools. The size of the recycling 
pool at synapses can be homeostatically regulated in response to overall levels of 
excitability (Murthy et al., 2001). A compensatory rise in the size of the recycling 
pool of synapses was seen in hippocampal cultures following a chronic treatment 
with tetrodotoxin which decreased the over all excitability of the system (Murthy et 
al., 2001). The size of the readily releasable pool has been correlated with release 
probability in hippocampal neurons, with larger RRPs corresponding to increased 
release probability (Murthy et al., 1997). Furthermore, modulation in the size of the 
RRP by phorbol esters has suggested that this may be a possible target for the 
expression of changes related to long-term synaptic plasticity (Stevens and Sullivan,
1998). At individual hippocampal synapses, a change in the relationship between 
the incorporation or release of vesicles could be a means by which neurons rapidly 
change the size of synaptic vesicle pools. This would suggest another possible role 
for the vesicle sharing phenomenon in synaptic plasticity, distinct from the 
distribution of synaptic properties discussed above. An increase in the size of the 
presynaptic vesicle pools, following the local generation of retrograde signals 
during the postsynaptic induction of long-term potentiation, could result in the 
selective augmentation of synaptic efficacy. The source of these newly recruited 
vesicles is of interest. If potentiated synapses were to acquire vesicles locally, then
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this could have an adverse effect on the signalling strength of the neighbouring 
synapses and result in a negative correlation between neighbouring release 
probabilities, counter to the similarities seen previously in basal state neurons 
(Murthy et al., 1997). However, this effect would be lessened if the vesicles were 
available from synapses outside of the immediate vicinity. In conditions that 
induced long-lasting depression vesicle, shedding might be favoured over 
incorporation and as a result reduce the vesicle cluster size. Support for this idea 
comes from a study in developing neurons where a depressive stimulus lead to an 
NMDA-dependent reduction in synaptic efficacy that was matched by the 
dismantling of FM1-43 positive boutons (Hopf et al., 2002).
The bi-directional transport of synaptic components in axons is most probably 
mediated by the actions of multiple motor proteins. The kinesin motor protein 
KIFla has been implicated in the movement of synaptic vesicle precursor organelles 
in developing systems (Okada et al., 1995; Yonekawa et al., 1998). In hippocampal 
neurons, a fluorescently tagged version of the protein exhibited both anterograde 
and retrograde movement along axons (Lee et al., 2003) and is a likely candidate for 
mediating the observed anterograde movement of vesicles in the current study. The 
bi-directional nature of the movement is thought to arise from the antagonistic 
actions of plus and minus-end directed motors simultaneously associated with the 
cargo. The reported association between KIFla and cytoplasmic dynein in a yeast- 
two-hybrid screen lends further support to this idea of cooperative switching 
between co-localized motors to achieve bi-directional axonal transport (Ligon et al.,
2004).
The ability to study the same synapses by both light and electron microscopy, 
combined with the photoconversion of FM-fluorescence signals to a stable electron 
dense material allowed vesicles that had been through a round of exo-endocytosis 
to be identified at the EM level (Figure 4.3). Previously these techniques have been 
used to examine the size of the recycling pool of hippocampal neurons (Harata et al., 
2001b) or the localization of the readily releasable pool (Schikorski and Stevens, 
2001). In this current study, the spatial arrangement of the entire recycling pool
148
within presynaptic terminals was considered for the first time. The proportion of 
recycling and non-recycling vesicles was measured in different regions of the 
vesicle cluster in a manner similar to that used previously at the frog NMJ (Rizzoli 
and Betz, 2004). In addition, the distance of all vesicles to the active zone was 
measured, so as to compare the distribution of recycling and non-recycling vesicles 
within synapses. Both methods of analysis revealed similar results, with the 
recycling pool of vesicles found to distribute throughout the vesicle cluster with a 
small tendency to be located closer to the active zone. A comparable skew in the 
distribution of the RRP at hippocampal synapses has been noted previously 
(Schikorski and Stevens, 2001). In a study of frog NMJ, the RRP exhibited no 
preference for any location within the synapse (Rizzoli and Betz, 2004), while at the 
Drosophila NMJ, a reluctantly releasable portion of the recycling pool termed the 
reserve pool was localized to the core of the synapse (Kuromi and Kidokoro, 1998). 
The correlation between the spatial location of vesicles and their functionality is 
apparently dependent on the synapse and the particular pool studied. At 
hippocampal synapses the recycling pool does not display a strong preference for 
any location within the cluster. It is therefore possible that vesicles belong to a 
particular functional pool because of differences in their mobility within the cluster, 
which in turn, define their participation in release events. A heterogeneity in the 
molecular composition of the vesicles within synapses might underlie these 
differences and could explain the lack of spatial definition of the recycling pool at 
hippocampal synapses.
Describing the departure of vesicles from mature synapses was an important test of 
the vesicle sharing hypothesis. By combining the techniques of FM dye labelling 
with the photobleaching of axonal regions and electron microscopy, the source of 
the fluorescence recovery observed previously (see Figure 3.5) was studied. In 
developing neurons synaptic vesicle-precursor organelles travel along axons 
(Nakata et al., 1998) and in some cases may only mature at synapses (Hannah et al.,
1999). It was possible that mobilized endosomal organelles produced during vesicle 
cycling, may have constituted the observed fluorescence recovery. However, the
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fluorescent transport packages observed moving between synapses (Figure 3.2) 
were confirmed to be clusters of vesicles originating from both the recycling and 
resting pool of synapses (Figure 5.3).
The re-identification of photobleached boutons, fixed after a period of recovery, by 
electron microscopy allowed the ultrastructural examination of vesicle 
incorporation. The recovery monitored in electron microscopy correlated to that 
observed by fluorescence imaging. By allowing for the differences in the recovery 
period used for both experiments (560 s for fluorescence versus 1080 s for EM) and 
the non-specific axonal recovery of fluorescence measurements (-10%), the estimate 
from EM studies that imported vesicles constitute -18% of the recycling pool at 
synapses would agree with the -20% recovery in FM4-64 fluorescence. Flowever, 
the fluorescence recovery at boutons could be influenced by both non-localized 
axonal recovery as well as the effect of imaging-related photobleaching, making an 
accurate assessment of the extent of vesicle incorporation difficult. To avoid such 
issues, ultrastructural analysis was the preferred method for quantifying the 
number of vesicles incorporated over time (Figure 5.4).
The non-static nature of resting vesicle clusters was highlighted by the ability of 
incorporated vesicles to mix with native vesicles. Flowever, the arrival of large 
packets of vesicles, made up of both PC+ and PC- vesicles, at the host synapse could 
give the impression of mixing without the actual assimilation of non-native vesicles 
into the host vesicle cluster. The assumption that imported vesicles can move 
within synapses is supported by the following observations: the presence of non­
native vesicles in most regions of the vesicle cluster, including close to the active 
zone (Figure 5.6), the occurrence of non-packet based movement (Figure 5.8) and 
recent reports of vesicle movements within synapses (Jordan et al., 2005; Shtrahman 
et al., 2005). Taken together these findings would suggest that imported vesicles can 
move within synapses.
The results in this thesis define the inter-bouton movement of synaptic vesicles 
between mature synapses in cultured hippocampal neurons. These findings suggest
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that the vesicle cycle is not restricted to individual synapses as previously believed, 
but is in fact spread across many synapses, with recycling pool vesicles being 
transported between, and used by, multiple release sites. While vesicle movement 
was observed in organotypic hippocampal slices, it was not possible to study this 
phenomenon in acute slices due to an inability to remove FM dye from the 
extracellular membrane. The expression of fluorescently labelled synaptic vesicle 
proteins by the use of viral vectors, biolistic gene transfer or transgenic mice, might 
allow the study of inter-bouton vesicle movements in acute slice preparations or in 
vivo by multi-photon imaging. The range over which vesicles are distributed 
between synapses by the sharing mechanism described here was not investigated. 
While the local loading of FM dyes might allow vesicle movements out of labelled 
regions to be followed over longer distances, the problems of dye diffusion 
discussed previously makes this technique less promising. Labelling synaptic 
vesicle proteins with a photoswitchable fluorophore, such a Kaede, whose emission 
changes from green to red following illumination with light in the UV range (Ando 
et al., 2002), provides a potential alternative means for studying vesicle movement. 
In this way, the vesicles at individual boutons could be photoswitched and the 
movement of their red fluorescence along axons and into other synapses, identified 
by the green fluorescence, could be tracked. This technique should allow the extent 
and range to which vesicles from one synapse are distributed amongst other 
boutons to be assessed. Finally, as discussed above, the mobility of vesicles in 
neurons highlights a potential mechanism by which activated synapses could 
rapidly recruit or donate recycling pool vesicles so as to dynamically modulate 
presynaptic release properties. Selective potentiation or de-potentiation of 
individual synapses, possibly by the local uncaging of glutamate (Matsuzaki et al., 
2004), should permit testing of these hypotheses in future experiments.
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